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Abstract

The present study aimed to assess the oxidative stress potential of Mytilus galloprovincialis across four sites
along the Algerian west coast from March 2022 to June 2022. Among these sites, three were previously identified
as contaminated, while the Barbadjanie site was considered isolated and distant from pollution sources. We
measured glutathione (GSH) and malondialdehyde (MDA) levels, as well as the specific activities of glutathione S-
transferase (GST) and catalase (CAT) in the digestive glands of the mussels. Our findings revealed a significant
decrease in GSH levels in mussels from the contaminated sites, indicating reduced antioxidant capacity. In
contrast, MDA levels, GST, and CAT activities exhibited significant increases (P< 0.05) in the same mussels,
suggesting heightened oxidative stress and increased cellular damage. To further evaluate the impact of
pollution, we applied the Integrated Biomarker Response (IBR) index to the four biomarkers measured. The IBR
analysis showed the lowest score for mussels from Barbadjanie, confirming its relatively low pollution impact, and
the highest score for mussels from Beni Saf Port, indicating severe pollution effects. This multi-biomarker
approach was effective in demonstrating oxidative stress responses in mussels, highlighting its reliability in
assessing the impacts of environmental pollution on aquatic organisms. The study underscores the importance of
using comprehensive biomonitoring tools to evaluate ecological health and pollution effects in marine
environments.
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2020). Reactive oxygen species are produced as a
response of organisms to exposure to a number of
pollutants. Many biomarkers of oxidative stress are
monitoring organisms in several environmental used as indicators of pollution status (Capo et al.,
studies. A battery of pollution-stress biomarkers has 2021a). Antioxidant enzymes such as catalase
been developed, including biochemical, cytological, (CAT), superoxide dismutase (SOD), glutathione
and gene expression-based assays (Saavedra and reductase (GRd), glutathione peroxidase (GPx),
Bachere, 2006; Venier et al., 2006; Tanguy et al., glutathione S-transferase (GST) and the oxidation

Introduction

Mussels have been commonly used as

2008). The mussels Mytilus galloprovincialis are
widely distributed in meso- and eutrophic waters of
the Mediterranean Sea. They are common in harbors
and also in open waters, where they may be
characterized by their high capacity to tolerate and
accumulate various pollutants, sedentary lifestyle,
wide geographical distribution (Viarengo et al.,
2007; Banni et al., 2014; Faggio et al., 2018;
Uluturhan et al., 2019; Leite et al., 2022; Cunha et
al., 2023).

The assessment of the state of the marine
environment  requires not only measuring
concentrations of pollutants but also the level of
cellular responses of marine bivalves to xenobiotics,
overexploitation, and climatic changes (Gurkan,

products of biomolecules, such as malondialdehyde
(MDA) or proteins can be applied to assess the
response of organisms to marine pollutants such as
microplastics, hydrocarbons, and metals (Oliveira et
al., 2018; Cap6 et al., 2021b; Provenza et al.,
2022).

The biomarker responses in mussels can be
depending on type of tissue, time of exposure and
many other factors (Gonzalez-Fernandez et al.,
2015). The contamination by heavy metal can have
adverse effects on aquatic organisms after
assimilation and accumulation. Cadmium (Cd)
indirectly induces reactive oxygen species (ROS)
production and lipid peroxidation through
interference with antioxidant systems (Kamel et al.,
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2014). At the sub lethal level, it can cause
physiological effects and growth inhibitions
(Chiffoleau et al., 2001). The toxic effects of lead
(Pb) in the mussel Mytilus edulis can cause
competition with divalent essential metals and
perturb their metabolism especially calcium,
magnesium and copper (Belabed, 2010). Copper
(Cu) is an important and essential micro-element
that acts as a respiratory pigment in marine
invertebrates. Its accumulation in the cell is the
cause of cytotoxicity, which is manifested by
enzymatic inhibition of the glutathione reductase
(Kamel et al., 2012). High levels of this metal can
cause oxidative damage to lipids and proteins. It can
also cause DNA deformation.

The main objective of the present study was
to evaluate the oxidative stress potential of M.
galloprovincialis population using four biomarkers:
Reduced glutathione (GSH), malondialdehyde (MDA),
as well as the specific activity of glutathione S-
transferase (GST) and catalase (CAT), to estimating
the environmental health of coastal ecosystems in
the Algerian west coast.

Materials and Methods

The study area extends along the Algerian
west coast, from the extreme west to the coasts of
the town of Mostaganem. The choice of the sites
was based on the quality of the site according to the
distance and the proximity of sources of pollution.
Our study was carried out at four sites (Figure 1.).
Mussels Mytilus galloprovincialis were collected
during the period of March 2022 to June 2022 on
the Algerian west coast. Port of Ghazaouet, Port of
Beni-Saf and Port of Salamandre were selected as

contaminated sites, while Barbadjani site was
selected as isolated area and very far from sources
of pollution. Mussel collection was carried out by
hand or by diving between O and 2 m below the
seawater surface. Mussels were kept alive at 4°C. In
the laboratory, the shells were measured and
tissues weighted. The selected mussels were
between 50mm and 60 mm (Gulf of Maine Council,
1992), which correspond to the size class of
metabolically stable adults (Andral et al., 2004).

Condition index (Cl)

The conditions indices were measured to
determine the physiological condition of mussels.
The ClI was calculated using the ratio of the weight of
soft tissue to the total weight (weight of soft tissue
(g)/shell + soft tissues + palleal liquid (g)) of the
mussel, multiplied by 100 (Amiard et al., 1998).

Biomarker analyses

Four biomarkers were analyzed in the mussels (GST:
glutathione S-transferase, CAT: catalase, GSH:
reduced glutathione, MDA: malondialdehyde). The
digestive glands of five mussels were pooled in 1
tube , with 10 tubes from each station. Then, 1g
from each tube was ground in phosphate buffer
((100 mM, pH 6.5 for protein, GSH and GST) (100
mM pH7.5 for CAT) and chlorure of potassium buffer
1.15% for MDA, using an Ultra-Turrax homogenizer
(1:3w/v). The homogenate obtained was centrifuged
at 9000 x g for 20min. The supernatant designated
post-mitochondrial fraction (S9), which contained
the cytosol, endoplasmic reticulum, Golgi apparatus
and cytosolic proteins, was recovered for the
biochemical assay.
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Figure 1. Geographic map of sampling stations for studied Mytilis galloprovincialis along the Algerian West Coast.
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GST activity

The GST activity was performed using a
modified method based on Habig et al. (1974). 20
mM 1-chloro-2,4-dinitro-benzene (CDNB; Sigma) was
used as the substrate and 20 mM glutathione (GSH)
as the co-substrate and10ul of the supernatant
fraction S9. GST activity was estimated by
measuring the formation rate of conjugated
substrate  (CDNB-GSH). This reaction was
determined at 340 nm every minute for 05 min. The
results were calculated as nmol of substrate
hydrolyzed mint mg? relative to the protein in the
sample.

CAT activity

CAT activity is determined following the
method described by Saint-Denis et al. (1998),
which  measures the rate of enzymatic
decomposition of H202 at 240 nm every 30s for 01
min. In this measurement, 990 uL of phosphate
buffer (100 mM, pH 7.5) was added to 500 ml of
H202 (500 mM) in a spectrophotometer tank. The
enzymatic reaction starts by adding the fraction S9.
Enzyme activity was expressed in umole mint mg1
protein.

GSH

The GSH level was estimated according to the
method of Weckbecker and Cory (1988), based on
the absorbance of 2-nitro-5-mercapturic acid
resulting from the reduction of 5-5'-dithio-bis-2-
nitrobenzoic acid (DTNB) by the thiol (SH) group of
the glutathione. The yellow precipitate formed was
measured with a spectrophotometer at 412 nm. The
glutathione concentration was expressed in nmol
mg-1 protein.

MDA

The MDA assay was carried out according to
the method of Uchiyama and Mihara (1978). This
measure was based on the properties that some
compounds, such as MDA react with thiobarbituric
acid (TBA) to regenerate colored product (pink)
which absorbs at 532 nm. MDA contents were
determined using 1,1,3,3-tetra ethoxypropane as a
standard with the results expressed in nmol mg-1
protein.

Protein

The protein content was determined at 595
nm according to the Bradford colorimetric method
(Bradford, 1976) using bovine serum albumin (BSA)
as the standard.

IBR Calculation

To assess the pollution status of each
location, an integrated biomarker response (IBR)
index was calculated using all the 4 biomarkers
studied. A simple star plot graphic tool (Microsoft
Excel) was applied to the data to visualize the
results. The calculation procedure of IBR method of
Beliaeff and Burgeot (2002) modified by Devin et al.
(2014) was described below:

The mean value for a site (X) was
standardized using the mean value for all sites (m)
and the standard deviation for all sites (s) to
produce a value we call

Y: Y=(X-m)/s
For each biomarker, we compute the value
Z=YorZ=-Y

according to the expected biological effect,
respectively activation or inhibition.

The value S was computed, with
S =Z+|Min|

where Min is the minimal value observed for all sites
for each biomarker.

Finally, all the Site values were plotted on a
radar diagram. The IBR is calculated as the total
area displayed by the radar diagram. All the Si
values were shown on a radar diagram and IBR was
computed as the sum of the triangles defined by k-
standardized biomarkers.

IBR=Y,_(i=1)"kiAi, where Ai=SixSi+1xsin (21/k)/2.

Statistical analyses

Statistical analyses were conducted using
STATISTICA 12.0 for Windows. Single biomarker
variability between the stations or different heavy
metal concentrations was investigated using a
standard ANOVA. The significance level was set at
P<0.05.

Condition index

The results obtained revealed that the
maximum value (49.22+6.919) of the Cl was found
in mussels sampled from Barbadjani, while the
minimum value was noted in the port of Ghazaouet
(19.04+4.788). A significant difference for the CI
was observed between the mussels sampled from
the different sites (P<0.01) (Figure 2).
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It was found that this index changes with the
availability of food and the quality of diet (Mougraud
et al., 2002; Romeo et al., 2003). Besides, De los
Rios et al. (2013) and Tsangaris et al. (2011) added
that the highest ClI is often observed in
contaminated areas near the coast or within a
plume of the river, where eutrophic water offers
better food conditions for mussels. Akcha et al.
(2022) indicated that the decrease in the muscle dry
weight may be due to the decrease in the lipid
content available for storage. Another possible
explanation is related to the adaptive response for
mussel survival, either through reducing the filtration
rate or by the closure of the shell (Akcha et al.,
2022).

Additionally, mussels can expend more
energy on metal detoxification. Sustaining these
detoxification mechanisms might demand significant
energy consumption. Furthermore, biological factors
such as genetic background (Knapen et al., 2007),
size (Wallace et al., 2003), physiological conditions,
and absorption routes (Ng et al., 2015) can enhance
the capacity for metal detoxification (Rouane-
Hacene et al., 2015).

The change in the Cl of bivalves is used as a
biomarker that provides integrated measures on the
well-being of an organism, and on its physiological
status (Lobel et al., 1991) and its growth (Lobel et
al., 1991; Benali et al., 2015). This physiological
biomarker can provide a good evaluation of the
quality of water, particularly regarding the availability
of nutrients. It may be influenced by normal
parameters, such as the changes in temperature,

oxygenation, salinity, availability of food, life cycle,
etc. (Paul et al., 2003).

Glutathion reduced (GSH)

In GSH analysis, a significant (P=0.049)
gradient was be observed with the highest value in
Barbadjani site (57.8%15.4 nmol.mg-1 protein)
compared with the other sites. In the port of
Ghazaouet, we noted a lowest value (23.61+4.77
nmol.mg-1 protein) (Figure 3).

The relationship between the decrease in the
GSH rate and the level of environmental
contamination has been elucidated in several
studies (Gwozdzinski et al., 2010; Sifi et al., 2013;
Bouzahouane et al.,, 2018). GSH is key in metal
scavenging in the organism due to the high affinity
of metals to its (-SH) group (Jozefczak et al., 2012).
It has been proposed to complex and detoxifies
metal actions as soon as they enter the cells,
representing a first line of defense against metal
cytotoxicity.

According to  the literature, metal
accumulation in biological tissues can result in the
reduction of GSH availability (Lavradas et al., 2016).
Verlecar et al. (2007) reported a decrease in GSH
level in P. viridis exposed to trace metal elements
(TME). This reduction was observed in the digestive
glands of Crassostrea virginica, Ringwood et al.
(2004) in P. perna exposed to Cd. Also, Santovito et
al. (2021) showed a decrease in GSH level in M.
galloprovincialis exposed to Cd for up to 96 h.
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Figure 2. Variations of condition index in Mytilus galloprovincialis of different sites of study
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Figure 3. Box plots of biomarkers (GSH, GST, CAT and MDA) in digestive gland of Mytilus galloprovincialis at the study stations.
Station codes as in Table 1. Each plot shows median, interquartile range, data range for each station shown. PGZ:
Port of Ghazaouet, PBS: Port of Beni-Saf, PS: Port of Slamandre, BR: Barbadjani

Glutathion S-transferase (GST)

The highest values for GST activity were
recorded at the port of Beni-Saf (465.5+71.6 nmol
min-1.mg-1 protein). The lowest activity was
observed close to the site of Barbadjani (87.1+35.4
nmol.min‘t.mg-1 protein). A significant difference
was been detected between the sites (P= 0.00001)
(Figure 3).

Our results were similar to their of Van der et
al. (2003), who showed similar activity between a
reference site and a polluted site. Abbassi et al.
(2015) have described a relationship between
environmental pollution and GST activity in M.
galloprovincialis. Measurement of GST activity in
Mohammedia mussels of Morocco showed the
response of these lasts to the stress generated by
the ready contaminants (El Haimeur et al., 2017).

Barhoumi et al. (2014) showed that GST was
induced in M. galloprovincialis by organochlorine

pesticides such as Dichlorodiphenyltrichloroethane
(DDT). The variation of GST activity may also be
related to the age and the reproductive cycle
(Giarratano et al., 2011). Although some field
studies have reported a good response of GST in
mussels exposed to organic compounds (Moreira
and Guilhermino, 2005), others have detected little
or no GST response (De Luca-Abbott et al., 2005).
However, significant correlations were detected
between GST and metal (Hg, Cd and Pb)
concentrations in several studies reported for M.
galloprovincialis (Canesi et al., 1999; Khessiba et
al., 2001). Also, its activity has been found to be
increased in the gills of mussels when exposed to
Microplastics (Capo”~ et al., 2021b) and
polypropylene leachates (Capolupo et al., 2021b).

Catalase (CAT)
CAT activities were relatively different over

the sites, and significant difference was noted
(P=0.044). It ranged from 12.41+1.65 to

Multi-biomarker Approach as a Response of Oxidative Stress (R. Belmokhtar et al.)
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34.29+4.27umol.min-t.mg-1  protein for the
Barbadjani and port of Beni-Saf respectively (Figure
3.). The significant increase in the CAT activity at
polluted sites may suggest that mussels were
subjected to oxidative stress. The induction of CAT
activity can be attributed to higher levels of
exogenous hydrogen peroxide, which is the major
cellular precursor of the toxic hydroxyl radical (OH-)
(Mejdoub et al., 2017). Our results are supported by
the work of Benali et al. (2015), which focused on
the strong CAT activity in M. galloprovincialis, on the
Algerian west coast. Vlahogianni et al. (2007) also
observed an increase of the CAT activity at a
polluted site.

Guemouda et al. (2014) and Amri et al.
(2017) demonstrated the rise of CAT activity in
spring in P. cultrifera and P. lividus, respectively. The
induction of this activity was observed in M.
galloprovincialis due to TME (Vlahogianni et al.,
2007); in R. decussatus collected from several sites
on the Tunisian coast according to pollution
gradients (Jebali et al., 2007); in P. viridis in
response to organic contaminants (PAHs) and
organochlorine pesticides (Richardson et al., 2008);
and in D. trunculus (Bensouda and Soltani-Mazouni,
2014). This activity was high in P. perna in polluted
sites compared to reference sites (El Jourmi et al.,
2015). However, in vitro exposure of M.
galloprovincialis to Cd (5 nm; 104-102 mg.Cd.L-4;
24h), Cd2* also caused higher CAT activity in the gills
(Katsumiti et al., 2014), Also, a higher activity of CAT
was found in gills of M. galloprovincialis exposed to
microplastics (Capo” et al., 2021b). Abidli et al.
(2021) recorded that polyethylene microplastics can
induce alteration in CAT activity.

Malondialdehyde (MDA)

In the port of Beni-Saf a higher MDA levels
were recorded (75.6%10.9 nmol.mglprotein)
compared with the others sites sampled, the
difference was statistically significant (P=0.0264)
(Figure 3). Malondialdehyde (MDA) levels are
commonly used to assess oxidative stress as a
product of lipid peroxidation of membranes. This
reflects damage caused by ROS (Gonzalez-
Fernandez et al., 2015). The significant increase in
MDA formation in mussels from polluted sites was
noted in the present study. Our results are similar to
the results obtained by Vlahogianni et al. (2007),
Kamal et al. (2014) and Abbassi et al. (2015) in M.
galloprovincialis; by El Jourmi et al. (2015) in P.
perna; and in the same species exposed to Cu and
Cd by Khati et al. (2012). Machreki-Ajmi et al.
(2008) showed an increase in MDA concentrations
at a site with high Cd levels compared to a reference
site. Soltani et al. (2012) and Sifi et al. (2013) found

a high MDA level in D. trunculus at a site exposed to
industrial pollution. Viarengo et al. (1990), who
observed the increased lipid peroxidation in the
digestive gland of M. galloprovincialis exposed to Cu
(40 pg 11 ind1) for six days. The exposure of M.
galloprovincialis to polystyrene microplastics and
nanoplastics resulted in an increase in MDA in the
digestive gland, indicating that polystyrene particles
may induce lipid peroxidation (Capolupo et al.,
2021b).

Integrated biomarker response

In order to diagnose and compare the overall
physiological state of mussels studied at the
different sites, the IBR index was applied to the four
biomarkers measured (Beliaeff and Burgeot, 2002).
IBR values showed the lowest score for Barbadjani
mussels and the highest score for Beni Saf Port
mussels (Figure 4).

The highest values in radar graph were
recorded at the three most stressful sites for mussel
life (Port of Ghazaouet, Port of Beni-Saf and Port of
Salamandre). It should be noted that these mussels
coming from polluted sites are exposed to continual
osmotic stress as a result of the domestic and
industrial wastes discharged by the cities of Beni-
Saf, Ghazaouet and Mostaganem. This corresponds
perfectly with the significantly higher GST, CAT
activities and MDA value.

Bocquené et al. (2004) combined AChE, GST,
CAT activities and MDA concentrations to calculate
the IBR index, on the common mussel M. edulis in
the coast of Brittany (France) and they found that
IBR index was strongly connected to MDA levels.

The application of the IBR for the five
biomarkers (AChE, CAT, GST, MDA, MTs) by Abbassi
et al. (2018), made it possible to assess the state of
health of mussels on the coast of Sidi Ifni (Morocco)
and thus to classify the study sites according to their
levels of contamination. Peri¢ and Buri¢ (2019)
show that exposing mussels M. galloprovincialis to 5
mg.L of organo phosphorous pesticide chlorpyrifos
resulted in a low IBR value, whereas 15 mg.L-1 of
metal copper resulted in a high IBR value.

Accordingly, IBR has been proposed as a
potentially beneficial method for quantitative
monitoring of toxicity-induced stress in mussels.
Nonetheless, the multi-biomarker method may not
adequately respond to pollutants. Other suitable
biomarkers should be combined in determining IBR
values in the future with those already taken into
account (Yuan et al., 2017).
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Figure 4. Starplot graphics on integrated biomarker response (IBR) index calculated from 4 biomarkers (GSH, GST, CAT and
MDA) at the study stations. PGZ: Port of Ghazaouet, PBS: Port of Beni-Saf, PS: Port of Slamandre, BR: Barbadjani

Conclusion
The results obtained demonstrate the
usefulness of the multi-biomarker approach,

including the integrated biomarker response index. A
global analysis of M. galloprovincialis responses of a
parameter’s battery reflects a discrimination of sites.
It could be concluded that there were direct or
indirect effects of climatic conditions and/or other
exogenous and endogenous factors on the variation
in the measured parameters, in particular the
pollution level of the site. The simultaneous
evaluation of MDA levels in parallel with the
antioxidant defenses seems to be a suitable
biomarker of toxicity in marine bivalves. This study
confirms that variations of antioxidant parameters
could be used as prospective biomarkers of toxicity
in environmental monitoring programs; and
demonstrates that M. galloprovincialis is a useful
tool in biomonitoring of aquatic pollution and can be
employed as a sentinel species.
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