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GRAPHICAL ABSTRACT 

 

 

Highlights 

 

 Mytilus galloprovincialis bioaccumulated lanthanum  

 Mussels exposed to Lanthanum decreased their metabolic capacity 

 Contaminated mussels activated their antioxidant and biotransformation defences 

 Contaminated mussels showed increased lipid peroxidation and lower GSH/GSSG ratio 

 Neurotoxicity was induced in contaminated mussels 

 Histopathological alterations were induced by lanthanum 

 

 

Summary 

Inappropriate processing and disposal of electronic waste contributes to the 

contamination of aquatic systems by various types of pollutants such as the rare-earth elements 

(REE) in which lanthanum (La) is included. Knowledge on the toxicity of these elements in marine 

organisms is still scarce when compared to other metals such as mercury (Hg) and arsenic (As). 
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Therefore, this study aims to assess the toxicity of La on the mussel Mytilus galloprovincialis, 

considered a good bioindicator of aquatic pollution, through the analysis of metabolic, oxidative 

stress, neurotoxicity and histopathological markers. Organisms were exposed to different 

concentrations of La for a period of 28 days (0, 0.1, 1, 10 mg/L) under controlled temperature 

(18°C ± 1.0) and salinity (30 ± 1) conditions. La concentrations in mussels increased in higher 

exposure concentrations. La exposure demonstrated a biochemical response in mussels, 

evidenced by lowered metabolism and accumulation of energy reserves, activation of the 

antioxidant defences SOD and GPx as well as the biotransformation enzymes GSTs, especially 

at intermediate concentrations. Despite oxidative stress being shown by a decrease in 

GSH/GSSG, oxidative damage was avoided as evidenced by lower LPO and PC levels. Inhibition 

of the enzyme AChE demonstrated the neurotoxicity of La in this species. Histopathological 

indices were significantly different from the control group, indicating impacts gonads, in gills and 

digestive glands of mussels due to La. These results show that La can be considered a risk for 

marine organisms and as such its discharge in the environment should be supervised. 

 

Keywords: Rare-earth elements; mussels; oxidative stress; metabolism; neurotoxicity; 

histological alterations. 
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1. INTRODUCTION 

Nowadays, an emerging concern associated with anthropogenic activities is the disposal 

of electronic waste (e-waste), a consequence of the increasingly rapid technological evolution 

(Otsuka et al., 2012). Higher demand along with shorter lifespans and early obsolescence for 

common electronic devices such as mobile phones has led to alarming production of e-waste. To 

ensure a profitable resource management, e-waste is often collected in order to recover valuable 

metal resources. However, inappropriate processing and recycling such as dismantling, open 

storage or open burning can release hazardous substances to the environment (Uchida et al., 

2018). The processing of e-waste can therefore represent a source of contamination for aquatic 

systems mainly through uncontrolled dumping of waste water from treatment facilities as well as 

leaching from exposed dumping sites (Sepúlveda et al., 2010). E-waste contributes to the 

environmental contamination not only by classical pollutants as metals or organic compounds 

(Huang et al., 2014) but also by less known elements such as the rare-earth elements (REEs) 

(McLellan et al., 2014; Klaver et al., 2014). The groups of REEs encompasses the lanthanides as 

well as Scandium (Sc) and Yttrium (Y) (IUPAC, 2005), and despite their rare-earth nomination, 

they are rather abundant in the Earth’s crust, although often less concentrated than other 

elements (USEPA, 2012). Because of their unique physicochemical properties (e.g., naturally 

coherent behaviour, high lustre and electrical conductivity; Topp, 1965), REEs are widely and 

intensively applied in numerous high-tech, medical and agricultural products and processes (US. 

EPA, 2012), being potentially released into the aquatic environments worldwide (Khan et al., 

2017). Bau and Dulski (1996) studies were among the first ones that related rising levels of REEs 

in aquatic environments with anthropogenic activities, revealing a positive correlation between 

REE Gadolinium (Gd) concentration and riverine inputs from densely industrialized areas.  

Increased anthropogenic enrichments of other REEs such as lanthanum (La) were 

reported by Kulaksiz & Bau (2011) and Klaver et al. (2014). Lanthanum is part of the lanthanides 

group, being characterized by low solubility and a tendency to precipitate or bind to complexing 

ions (Sneller et al., 2000), with the solubility of these complexes being very low (Herrmann et al., 

2016). This element is commonly used in many industrial applications, such as the glass 

production, where it is used as an additive to alter properties like the glass’s colour, refractive 

index and ability to absorb ultraviolet light. In high-technology industry, it is used in screens colour 
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control of electronic applications as well as in rechargeable batteries. Lanthanum compounds are 

also used in fluorescent lights and other uses that require coloured light (Weeden et al., 2015). 

Natural La concentrations in aquatic systems are highly variable with studies conducted by 

Elderfield et al. (1990) showing that this element occurs in ranges of 20-600, 5-200 and 5-40 ng/L 

in rivers, estuaries and coastal areas, respectively. However, anthropogenic activities such as 

industrial wastewaters from the production of fluid catalytic cracking catalysts (Merschel and Bau, 

2015) or acid mine drainage (Olías et al., 2005) can lead to the enrichment of this element in 

aquatic systems. In fact, contamination of aquatic systems by La is often associated with runoff 

or discharge of direct effluents. Cases of such contamination have already been studied by 

different authors, such as Olías et al. (2005), who reported La concentrations up to 0.04 mg/L in 

a Spanish aquifer contaminated by acid mine drainage. Higher La concentrations of about 0.9 

mg/L have also been reported by Åström (2001) in streams affected by acid sulphate soils. 

Furthermore, different authors also revealed the presence of La in aquatic biota, including the 

scallop Chlamys varia (Bustamante & Miramand.,2005), the amphipod Paramoera walkeri 

(Palmer et al., 2006), blue mussels Mytilus edulis (Riget et al., 1996), different snails 

(Potamopyrgus antipodarum; Lymnaea stagnalis; Radix ovata; Physella acuta; Planorbarius 

corneus; Planorbis planorbis) and bivalves (Dreissena polymorpha; Corbicula fluminae) (Weltje 

et al., 2002).  

As a consequence of the presence of La in aquatic systems, the toxicological effects of 

La in aquatic organisms have been identified, but almost all the studies focus on freshwater 

species. Xu et al. (2012), demonstrated that antioxidant defences increased in the freshwater 

plant Hydrocharis dubia exposed to 5.56 mg/L of La. Also, damages in cellular structures like 

mitochondria and nucleus were observed at 11.1 mg/L of La. The freshwater invertebrate Daphnia 

magna showed 50% of mortality when exposed to 0.552 mg/L of La for 14 days (Bogers, 1995). 

Other studies further demonstrated that La exposure affects the neurotransmitter acetylcholine 

through the inhibition or activation of the enzyme acetylcholinesterase (Tomlinson et al., 1982; 

Figueiredo et al., 2018). However, studies assessing the effects induced by La in marine 

invertebrates, including bivalves, is almost unknown.  

Therefore, the present study aimed to assess the impacts of different La concentrations 

in the mussel Mytilus galloprovincialis after 28 days of exposure to this element, evaluating the 

ACCEPTED M
ANUSCRIP

T



biochemical effects in terms of metabolic, oxidative and neurotoxic status but also assessing 

mussels histopathology in gills, gonads and digestive glands. M. galloprovincialis is a bivalve 

widely recognized as a good bioindicator in monitoring and ecotoxicological studies (Rouane-

Hacene et al., 2015; Belivermiş et al., 2016; Azizi et al., 2017), due to its extensive geographical 

distribution, sedentary nature and capacity to tolerate various environmental and chemical 

conditions (Wang et al., 1996; Banni et al., 2014a, 2014b; Viarengo et al., 2007). Several studies 

with M. galloprovincialis already demonstrated the sensitivity of this species towards metals (e.g. 

Coppola et al., 2018; Freitas et al., 2017), pharmaceuticals (e.g. Trombini et al., 2016; Teixeira et 

al., 2017) and nanoparticles (e.g. Andrade et al., 2018; Taze et al., 2016).  
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2. METHODOLOGY 

2.1. Sampling and experimental conditions 

 Mytilus galloprovincialis specimens were collected in June 2018 during the low tide in a 

subtidal area at the Ria de Aveiro (a coastal lagoon, northwest of Portugal). After sampling, during 

15 days, mussels were depurated and acclimated to laboratory conditions. During this period, 

organisms were maintained at 18.0 ± 1.0 °C; pH 7.80 ± 0.10, 12h light: 12h dark photoperiod and 

continuous aeration in synthetic saltwater (salinity 30 ± 1), prepared by using a commercial salt 

(Tropic Marin® SEA SALT from Tropic Marine Center) and freshwater purified by reverse 

osmosis. Except for the first 3 days, during this period organisms were fed with Algamac protein 

plus (150,000 cells/animal) every three days. Seawater was renewed every 2 days during the first 

week and once during the second week.   

For the experimental exposure, mussels were distributed into different glass containers 

(6 L aquaria filled with synthetic saltwater), with 6 individuals per aquarium and 3 aquaria per 

condition. Salinity, temperature and pH conditions were the same as those used during 

acclimation. Exposure lasted for 28 days and the conditions tested were: CTL (La 0 mg); La 0.1 

mg/L; La 1 mg/L; La 10 mg/L, using a commercial La salt (Lanthanum(III) chloride heptahydrate, 

99% (Alfa Aesar)). The selection of the tested concentrations was based on: i) La concentrations 

present in polluted aquatic environments (Åström, 2001; Olías et al., 2005); ii) and La 

concentrations that may cause biological effects, considering previously published studies that 

tested similar concentrations range in invertebrate (Barry and Meehan, 2000; Lürling and Toman, 

2010; Hanana et al., 2017) and fish species (Hua et al., 2017). 

During the exposure period, organisms were fed with Algamac protein plus (150,000 

cells/animal) three times a week. Seawater in each aquarium was continuously aerated and 

renewed once a week and La concentrations re-established. Lanthanum was quantified in water 

collected immediately after spiking each aquarium to obtain real exposure concentrations. 

After the 28 days of exposure, with the exception of two mussels per aquarium used for 

histopathological analyses, the remaining organisms were frozen with liquid nitrogen and stored 

at -80 ºC. For biochemical and chemical analyses three frozen mussels per aquarium (nine per 

condition), which were manually homogenized with a mortar and a pestle under liquid nitrogen 

and each homogenized individual was divided in 0.5 g aliquots.  
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2.2. Lanthanum quantification in seawater and mussel’s soft tissues 

The quantification of La in seawater samples was achieved through direct analysis of 

samples by Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES) on a Jobin 

Yvon Activa M spectrometer. The limits of detection and quantification of the method were 1.4 

µg/L and 4.0 µg/L, respectively, with an acceptable coefficient of variation among replicates (n≥2) 

of 10%. Calibration curve was made with La standards in the range of 4 to 100 µg/L. 

For La quantification in mussel’s tissue samples, 0.2 g of sample was weighted into a 

Teflon vessel to which 1 mL of HNO3 65% (v/v), 2 mL of H2O2 and 1 mL of H2O were added. 

Samples were left 15 min in a microwave with increasing temperature up to 190 ºC, which was 

then maintained for 3 min. After cooling, samples were collected to polyethylene flasks, made up 

to a final volume of 25 mL with ultrapure water and stored at room temperature until quantification. 

Blanks, fortified samples (samples added with standard solutions in order to evaluate element 

recovery) and duplicates were analyzed to guarantee a good quality of the results obtained. 

Blanks were always below the quantification limits of the ICP-OES for La (4 µg/L), recovery tests 

gave results between 88 and 109 % and the coefficient of variation of samples duplicates varied 

from 12% to 23%.  

 

2.3. Biological responses: biochemical parameters 

In order to evaluate the biochemical alterations the biomarkers related to metabolic 

changes (electron transport system (ETS) activity), energy reserves (glycogen (GLY) content, 

total protein (PROT) content), oxidative stress (superoxide dismutase (SOD) activity; catalase 

(CAT) activity; glutathione peroxidase (GPx) activity; glutathione S-transferases (GSTs) activity; 

lipid peroxidation (LPO) levels; protein carbonylation (PC) levels; ratio between reduced (GSH) 

and oxidized (GSSG) glutathione content) and neurotoxicity (Acetylcholinesterase (AChE) 

activity) were analyzed. For the determination of the biochemical parameters duplicates of each 

sample were used. 

For each biomarker, the extraction was performed with specific buffers using a proportion 

of 1:2 (w/v) with the homogenized tissue. Initially, tissue samples were homogenized using a 

TissueLyser II (Qiagen) for 90 s, after which they were centrifuged for 20 min at 10,000 g (3,000 
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g for ETS) and 4 ºC. Supernatants were immediately used or stored at -20 ºC. For each biomarker 

specific buffers were used: potassium phosphate for PROT, GLY, SOD, CAT, GPx, GSTs, PC 

and AChE; 0.1 mol/L Tris- HCl for ETS; 20% (w/v) trichloroacetic acid (TCA) for LPO; 0.6% (w/v) 

sulfosalicylic acid in potassium phosphate for GSH and GSSG. 

 

2.4.1. Metabolic capacity and energy reserves 

The activity of ETS was measured based on the method of King and Packard (1975) with 

modifications performed by Coen and Janssen (1997). The absorbance was measured at 490 nm 

during 10 min with intervals of 25 s. The amount of formazan formed was calculated using the 

extinction coefficient (Ɛ) 15,900 M−1 cm−1. The results were expressed in nmol/min per g fresh 

weight (FW). 

The GLY content was quantified following the sulfuric acid method (Dubois et al. 1956), 

using 8 glucose standards in the concentration range of 0 to 10 mg/mL in order to obtain a 

calibration curve. Absorbance was measured at 492 nm after being incubated for 30 min at room 

temperature. The results were expressed in mg per g FW. 

The PROT content was determined according to the Biuret method described by 

Robinson and Hogden (1940). A stock solution of bovine serum albumin (BSA) was used to 

prepare 5 standards (0–40 mg/mL) to obtain a calibration curve. After 10 minutes of incubation at 

30ºC, absorbance was measured at 540 nm. The results were expressed in mg per g FW. 

 

2.4.2. Antioxidant and biotransformation defenses 

The activity of SOD was determined according to the method of Beauchamp and 

Fridovich (1971). For the calibration curve 7 SOD standards (0.25 - 60 U/mL) were used. After 20 

min of incubation at room temperature, the absorbance was measured at 560 nm. The activity 

was expressed in U per g FW, where U corresponds to a reduction of 50% of nitroblue tetrazolium 

(NBT).  

The activity of CAT was quantified according to Johansson and Borg (1988). For the 

calibration curve 9 formaldehyde standards (0 - 150 μmol/L) were used. The absorbance was 

measured at 540 nm and activity expressed in U per g FW, where U represents the amount of 

enzyme that caused the formation of 1.0 nmol formaldehyde per min. 
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The activity of GPx was determined following the method of Paglia and Valentine (1967). 

Absorbance measurements were performed at 340 nm during 5 min in 10 s intervals and the 

activity was determined using the extinction coefficient (Ɛ) 6.22 mM-1cm−1. Results were 

expressed in U per g FW, where U corresponds to the quantity of enzyme which catalyzes the 

conversion of 1 µmol nicotinamide adenine dinucleotide phosphate (NADPH) per min. 

The activity of GSTs was quantified based on the method of Habig et al. (1974) with 

modifications performed by Carregosa et al. (2014). Absorbance was read at 340 nm during 5 

min in 10 s intervals and the amount of thioether formed was calculated using the extinction 

coefficient (Ɛ) 9.6 mM-1 cm-1. The results were expressed in U per g FW, where U corresponds to 

the quantity of enzyme that causes the formation of 1 μmol of dinitrophenyl thioether per min. 

 

2.4.3. Oxidative damage 

LPO levels were determined by the quantification of malondialdehyde (MDA), a by-

product of lipid peroxidation according to the method described in Ohkawa et al. (1979). 

Absorbance was measured at 535 nm and the amount of MDA formed was calculated using the 

extinction coefficient (Ɛ) 156 mM-1 cm-1. The results were expressed in nmol per g FW. 

PC levels were determined according to the DNPH alkaline method described by 

Mesquita et al. (2014). Absorbance was read at 450 nm and PC levels were determined using 

the extinction coefficient (Ɛ) 0.022 mM-1 cm−1. The results were expressed in nmol of protein 

carbonyls groups formed per g FW. 

The quantification of GSH and GSSG was performed following the method described in 

Rahman et al. (2007), using GSH and GSSG as standards (0–90 μmol/L). Absorbance was read 

at 412 nm during 2 min in 30 s intervals and the results expressed in μmol per g FW. The 

GSH/GSSG ratio was determined [GSH / GSSG = GSH / (2 ∗ GSSG)]. 

 

2.4.4. Neurotoxicity 

The activity of AChE was determined using Acetylthiocholine iodide (ATChI, 470 μmol/L) 

substrates, according to the methods of Ellman et al. (1961) with modification performed by 

Mennillo et al. (2017). The activity was measured at 412 nm during 5 min and expressed in 

nmol/min per g FW using the extinction coefficient (Ɛ) 13.6x103 M-1cm-1. 
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2.4. Biological responses: histopathological measurements 

After 28 days of exposure two mussels per aquarium, six per condition (CTL, 0.1, 1.0 and 

10.0 mg/L) were fixed in Bouin's solution (composition: 5% of acetic acid, 9% of formaldehyde, 

0.9% of picric acid) for 24 h at room temperature. Subsequently, samples were placed in 70-75% 

ethanol for one month, replacing the ethanol daily until the total removal of the fixative. After this, 

tissues were dehydrated, placed in xylene and then immersed in paraffin (58°C) in a vacuum 

stove for 1 h. After this step paraffin was removed and samples were once again embedded in 

new paraffin. Sections of 7 μm were then placed on slides covered with glycerin/albumin.  

The sections were then rehydrated, and half of them were stained with hematoxylin, to 

assess tissue health. For the remaining sections Toluidine blue 0.2% in Walpole buffer at pH 4.2 

was used to identify the relative abundance of hemocytes in each tissue, as described by Gabe 

(1968).  

Histopathological changes were identified in gonads (females and males), gills and 

digestive glands of mussels, in each condition. For each individual and condition, the individual 

histopathological condition index (Ih) was estimated per organ (gills and digestive glands), based 

on Bernet et al. (1999) and modifications performed by Costa et al. (2013). The Ih was estimated 

according to the concepts of the differential biological significance of each surveyed alteration 

(weight) and its degree of dissemination (score). The weight ranges between 1 (minimum 

severity) and 3 (maximum severity) while the score ranges between 0 (none) and 6 (diffuse). The 

Ih was calculated following the formula: 

 

𝐼ℎ =
∑ 𝑤𝑗𝑎𝑗ℎ

𝑗
1

∑ 𝑀𝑗
𝑗
1

 

 

where Ih is the histophatological index for the individual h; wj the weight of the jth histopathological 

alteration; ajh the score attributed to the hth individual for the jth alteration and Mj is the maximum 

attributable value for the jth alteration. The index was estimated for digestive tubules and gills. 

The condition weights proposed were based on Costa et al. (2013). Weight for the 

histopathological alteration considered in this study are reported in Table 1.  
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2.5. Data analysis 

2.5.1 Bioconcentration factor  

To evaluate the bioaccumulation of La in mussels’ tissues, the bioconcentration factor 

(BCF) was calculated for each exposure condition. BCF is defined as the ratio of the concentration 

in the organism and the concentration in the water. The calculation is based on the equation from 

Arnot and Gobas (2006): 

𝐵𝐶𝐹 =
 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚

 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟
 

 

2.5.2. Statistical and multivariate analyses 

Histopathological data, namely values of Ih for gills and digestive tubules obtained for 

each La concentration (CTL- La 0 mg/L; La 0.1 mg/L; La 1 mg/L; La 10 mg/L) were submitted to 

a t-test, testing the null hypothesis: for gills and digestive tubules, no significant differences were 

observed in terms of Ih values between contaminated (La 0.1 mg/L; La 1 mg/L; La 10 mg/L) and 

control mussels (CTL- La 0 mg/L). Significant differences between CTL and exposed mussels 

were represented by * if p≤0.05, ** if p≤0.01 and *** if p≤0.001. 

Data obtained on La concentrations and biochemical data were submitted to statistical 

hypothesis testing using permutational multivariate analysis of variance with the PERMANOVA + 

add-on in PRIMER v6 (Anderson et al. 2008). A one-way hierarchical design was followed in this 

analysis. The pseudo-F values in the PERMANOVA main tests were evaluated in terms of 

significance. If significant differences were observed using main test, subsequent pairwise 

comparisons were performed. Pairwise comparisons were evaluated in terms of significance and 

significant differences were identified for Monte-Carlo p-values lower than 0.05. The null 

hypothesis tested was: for each biochemical parameter, no significant differences existed 

between experimental conditions (CTL- La 0 mg/L; La 0.1 mg/L; La 1 mg/L; La 10 mg/L). The 

significant differences (p ≤ 0.05) among conditions were presented with different letters in figures. 

The matrix containing histopathological and biochemical results as well as La 

concentrations in mussels’ tissue for each condition was normalised and the Euclidean distance 
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similarity matrix calculated. This similarity matrix was simplified through the calculation of the 

distance among centroids based on La concentrations, which was then submitted to ordination 

analysis, performed by Principal Coordinates Ordination analysis (PCO). In the PCO graph, the 

variables that best explained the samples spatial distribution (r>0.85) were represented as 

superimposed vectors. 

 

2.5.3. Integrated biomarker response (IBR) 

To integrate results from the different biomarkers and to try to understand the general 

mussel’s biochemical response, the integrated biomarker response (IBR) was used, which was 

calculated according to Beliaeff and Burgeot (2002). Therefore, results from the studied 

biomarkers were used in order to evaluate the general response of M. galloprovincialis to different 

La exposure conditions. IBR index was calculated considering: the mean value of each biomarker 

for each condition (X), general mean (m) and general standard deviation (s) for each biomarker 

taking into account all conditions; Y and Z values, where Y = (X – m) / s and Z = Y or -Y, in the 

case of activation on inhibition, respectively; S value, calculated as S = Z + |Min(Z)|. Finally, the 

IBR was calculated as IBR = ∑ A, where A = (Si Si+1)/2. The IBR calculations were always 

performed with the same order of parameters for all conditions. 

All of the determined biomarkers were used in the calculation of the IBR and they were 

arranged clockwise in the following order: SOD, CAT, LPO, GLY, GST, GPx, AChE, PROT, CP, 

ETS and GSH/GSSG. Values were discussed in terms of a general response given by the final 

IBR value, where higher values correspond to higher mussels’ response. 
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3. RESULTS 

3.1 Lanthanum concentrations in seawater and soft tissues 

The concentration of La in seawater, comparatively with the nominal concentrations, 

presented maximum deviations that ranged between 13 and 16% in the analyzed conditions (0.1 

mg/L, 1 mg/L and 10 mg/L La). 

Concentrations of La in mussel’s tissues were <0.5, 30±4, 119±26 and 383±19 µg/g in 

organisms exposed to 0.0 (CTL), 0.1, 1.0 and 10.0 mg/L of La, respectively. 

BCF values obtained for each exposure condition were 357, 142 and 48 for 0.1, 1.0 and 

10.0 mg/L La exposure conditions, respectively. 

 

3.2. Biological responses: biochemical parameters 

3.2.1. Metabolic capacity and energy reserves 

The electron transport system (ETS) activity was significantly lower in contaminated 

mussels compared to control organisms, with the lowest values in mussels exposed to the highest 

La concentration (Figure 1A). 

The glycogen (GLY) content was significantly higher in mussels exposed to concentration 

1.0 mg/L, with no significant differences among the remaining conditions (Figure 1B). 

Organisms exposed to La showed significantly higher protein (PROT) content in 

comparison with control organisms, with no significant differences among organisms exposed to 

La concentrations (Figure 1C). 

 

3.2.2. Oxidative status 

Enzymatic parameters 

Mussels exposed to La showed significantly higher superoxide dismutase (SOD) activity 

in comparison to control organisms, with no significant differences between organisms exposed 

to 0.1 and 1.0 mg/L of La as well as between organisms exposed to 0.1 and 10 mg /L (Figure 2A).  

No significant differences in terms of catalase (CAT) activity were observed among all the 

tested conditions (Figure 2B). 
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The activity of glutathione peroxidase (GPx) was significantly higher in organisms 

exposed to La compared with organisms under control conditions, with no significant differences 

among contaminated organisms (Figure 2C). 

The activity of glutathione-S-transferases (GSTs) significantly increased in mussels 

exposed to 1.0 mg/L of La, with no significant differences among the remaining conditions (Figure 

3). 

 

Non-enzymatic parameters 

Lipid peroxidation (LPO) levels significantly decreased in organisms exposed to La in 

comparison to control organisms, with the lowest values in mussels exposed to the highest La 

exposure concentration (Figure 4A). 

Protein carbonylation (PC) levels significantly decreased in La contaminated organisms 

in comparison to control ones, with no significant differences among other La exposure conditions 

(Figure 4B). 

The ratio reduced/oxidized glutathione (GSH/GSSG) was significantly lower in mussels 

exposed to La in comparison with control organisms, with the lowest values in mussels exposed 

to the highest La concentration (Figure 4C). 

 

3.2.3. Neurotoxicity 

In the presence of La mussels significantly decreased the activity of Acetylcholinesterase 

(AChE) in comparison to values observed in control organisms, with the lowest values in mussels 

exposed to 1.0 mg/L of La (Figure 5). 

 

3.3. Biological responses: histopathological measurements 

 In gonads, the stress induced by La exposure leads to the emission of gametes already 

at the lowest concentration of 0.1 mg/L (Figure 6). Therefore, no enough morphological effects 

were detectable to calculate the Ih. However, regarding female gonads, comparing CTL 

organisms with exposed ones, results revealed that at CTL condition ovaries showed abundant 

vitellogenic oocytes while the ovaries of mussels exposed to different La showed a reduction of 

oocytes number in a dose depended manner: at 0.1 mg/L it is possible to observe a drastic 
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reduction of oocytes number; at 1.0 mg/L as well as at 10.0 mg/L there is the presence of apoptotic 

forms (Figure 6). In male gonads no differences between CTL and contaminated mussels were 

observed (data no shown). 

Mussels’ gills (Figure 7) showed several histopathological alterations that were detectable 

and measurable. In gills filaments of CTL mussels no morphological abnormalities were detected 

displaying epithelial cells with a regular distribution of lateral frontal cilia, tight central vessel and 

reduced number of lipofuscin aggregates and hemocytes infiltration. Comparing to control, 

exposure to La at different concentrations leads to an increase of damage severity in a dose 

dependent manner with a progressive accumulation of lipofuscin and loss of cilia in the frontal 

area, while no evident reduction of lateral cilia was observed (Figure 7). Moreover, the 

enlargement of the central vessel resulted abundant in organisms under 0.1 mg/L while at higher 

La concentrations was less diffuse, but still appreciable if compared to CTL (Figure 7). From the 

Ih graphic (Figure 8A) significantly higher values were obtained for contaminated mussels in 

comparison to control organisms. 

The analysis of the digestive gland (Figure 9) showed for CTL mussels a normal structure 

with digestive tubules being constituted by a single layer of cells surrounding a narrow or occluded 

tubular lumen. In exposed mussel’ digestive glands showed a progressive damage increase in a 

dose dependent manner. In comparison with CTL an increase in atrophy and necrosis was 

observed among the contaminated conditions: atrophy alterations were already detectable at 0.1 

mg/L, while the necrosis appeared at concentrations of 1 and 10 mg/L (Figure 9). Compared to 

CTL the Ih regarding the digestive gland were significantly higher in La exposed mussels (Figure 

8B). 

 

3.4. Multivariate analysis 

Results from the PCO analysis are presented in Figure 10. The first principal component 

axis (PCO1), which represents 76.4% of the variability, was clearly associated with La exposure 

concentrations, with a clear distinction between individuals exposed to La concentrations 

(negative side) and individuals under control condition (positive side). PCO2 axis explained 13.6% 

of the variability, separating organisms under intermediate La concentration (positive side) from 

organisms exposed to the highest La concentrations (negative side). LPO, PC, ETS, AChE and 
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GSH/GSSG were the variables presenting higher correlation with PCO1 positive side (r>0.95) 

while SOD, GPx, PROT, Ih for digestive glands (IhDG) were the variables that best correlate with 

PCO negative side (r>-0.95). La concentration was highly associated with C3 condition (10.0 

mg/L) (r>0.75). 

 

3.5. Integrated Biomarker Response (IBR) 

IBR values showed the highest score (4.19) for the intermediate concentration of La (1.0 

mg/L) which indicates higher impact in organisms under this condition. The results obtained also 

indicates similar effects level in organisms exposed to the lowest and the highest La 

concentrations, with IBR values of 3.24 and 3.14, respectively.  
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4. DISCUSSION 

In the present study the impacts induced by La in the species Mytilus galloprovincialis 

were evaluated in terms of mussel’s histopathological alterations and biochemical effects, 

including impacts on organisms metabolism, oxidative and neurotoxic status.  

 

Metabolic capacity an energy reserves 

Regarding mussels’ metabolic capacity, the electron transport system (ETS) activity was 

used to estimate the energy consumption at the mitochondrial level and thus obtain a proxy of 

organisms’ metabolic status (Coen and Janssen, 1997; Berridge et al., 2005; Fanslow et al., 2001; 

García-Martín et al., 2014). The present findings clearly revealed that organisms exposed to La 

decreased their metabolic capacity avoiding the consumption of GLY. Also, the present results 

revealed that the PROT content was higher in contaminated organisms which may indicate that 

these energy reserves were also preserved as a result of lower metabolic activity but may also 

increase as a result of higher enzymes production. This behavior seems to point out that 

organisms decreased their metabolism, avoiding energy expenditure, which may be achieved by 

closing their valves, and reducing their respiration and filtration rates and avoid La accumulation. 

To corroborate this hypothesis, our findings showed that although La concentrations increased in 

mussels’ tissues with the increasing exposure concentration, BCF values strongly decreased with 

the increasing exposure concentrations indicating that organisms tended to limit the accumulation 

of La; i.e., lower BCF values at higher La exposure concentrations. Similarly, Hanana et al. (2017) 

demonstrated that BCF values decreased along the increasing exposure gradient in Dreissena 

polymorpha mussels exposed to La for 28 days. The reduction of the filtration rate in bivalves 

exposed to pollutants was already demonstrated, namely by Almeida et al. (2014, 2015) that 

revealed the capacity of Ruditapes philippinarum clams to reduce their filtration rate and decrease 

their BCF along an increasing exposure gradient of carbamazepine. Although to our knowledge 

no information is available on the impacts of La in bivalves metabolism and energy reserves, 

different studies demonstrated that for the same species a similar metabolic depression with no 

expenditure of energy reserves occurred when M. galloprovincialis was exposed to other 

pollutants, including Ti (Monteiro et al., 2018) and Hg (Coppola et al., 2017, Freitas et., 2017). 

Studies on the effects of pollutants in other bivalves, including clams, also demonstrated a similar 
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pattern, namely in Macoma balthica exposed to Cd (Duquesne et al., 2014), and in R. 

philippinarum exposed to As (Velez et al., 2016). 

 

Oxidative status 

Besides the reduction of organisms metabolic capacity, the exposure to abiotic changes, 

such as the presence of pollutants, may cause overproduction of reactive oxygen species (ROS) 

in marine bivalves that, if not eliminated, will originate oxidative damage of the cellular membranes 

(Almeida et al., 2017; Freitas et al., 2016; Gomes et al., 2011; Matozzo et al., 2012; Monteiro et 

al., 2019b, 2019a; Regoli and Giuliani, 2014; Regoli and Principato, 1995). Thus, lipid 

peroxidation (LPO) may occur when lipid membranes are attacked by ROS, where lipids are 

oxidized into lipid hydroperoxides (Catalá, 2009; Regoli and Giuliani, 2014). To avoid damages 

of the lipid membrane organisms are able to increase their antioxidant defenses, namely 

increasing the activity of SOD, CAT and GPx enzymes (Regoli and Giuliani, 2014). In a similar 

way to LPO, another process that can result from the effect of ROS is the oxidation of proteins, 

called Protein Carbonilation (PC) (Suzuki et al., 2010). Some studies have already shown that 

metals can be strong pro-oxidants in mussels through the formation of protein carbonyls 

(McDonagh et al., 2006). In the present study mussels exposed to La strongly increased their 

antioxidant defences, especially evidenced by a significant activity increase of SOD and GPx 

enzymes in contaminated organisms, indicating that organisms were trying to eliminate the 

excess of ROS produced to avoid cellular injuries. The activation of SOD under La exposure 

reflects the organism’s first enzymatic defence mechanism, responsible for the dismutation of 

oxygen radicals into oxygen and hydrogen peroxide (McCord and Fridovich, 1969). Because 

these sub-products are also toxic, a second defence mechanism often needs to be activated. 

Although CAT and GPx can both detoxify hydrogen peroxide (Regoli & Principato, 1995), only 

GPx activation was verified in M. gallprovincialis exposed to La. Other studies reveal that the 

preferential or simultaneous activation of CAT or GPx can vary by species or the type of 

contaminant (Trevisan et al., 2014; Rocha et al., 2015). Similarly, M. galloprovincialis 

demonstrated the capacity to increase their antioxidant defenses to fight against ROS 

overproduction and avoid cellular damages. In particular, Rocha et al. (2016) showed higher 
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antioxidant defenses and lower LPO levels in M. galloprovincialis exposed to Cd; and Copolla et 

al. (2017) demonstrated a similar response when the same species was exposed to Hg. 

Along with the activation of antioxidant defenses, mussels exposed to La were able to 

activate biotransformation enzymes, namely GSTs that are a group of enzymes whose function 

doubles as a detoxification agent through the reaction of a xenobiotic with GSH (Towsend & Tew, 

2003) and the inactivation of lipid peroxidation products through the use of GSH as a reducing 

agent (Sturve et al., 2008). In the presence of La mussels increased the activity of GSTs up to 

1.0 mg/L while at the highest La concentration the activity of these enzymes was similar to control 

values. Such results may indicate that the highest La concentration may inhibit the activity of this 

group of enzymes. In agreement with such findings Hanana et al. (2017) also demonstrated that 

the mussel Dreissena polymorpha increased the activity of GSTs in the presence of La with 

inhibition at the highest tested concentration after 14 days of exposure. Also 28-days exposure 

to Hg and As led to the activation of this group of enzymes in M. galloprovincialis (Coppola et al., 

2017). 

The activation of antioxidant and biotransformation enzymes with elimination of ROS, 

associated to lower ETS activity, and therefore generating lower ROS amount, lead to lower LPO 

and PC levels in mussels exposed to La in comparison to control organisms. A similar pattern 

was observed in D. polymorpha exposed to La during 14 days (Hanana et al., 2017). 

Nevertheless, although defense mechanisms were activated avoiding cellular damage, oxidative 

stress was demonstrated by lower GSH/GSSG values in contaminated mussels. GSH is 

considered one of the most important ROS scavengers. When organisms are under oxidative 

stress due to ROS increase, GSH can act as antioxidant in the cytoplasm, directly neutralizing 

ROS, being oxidized to GSSG (Regoli and Giuliani 2014). For this reason, GSH/GSSG ratio has 

been commonly used as an indication of oxidative stress (e.g. Almeida et al. 2014, Freitas et al. 

2015, Coppola et al. 2017). Furthermore, GSH also acts as a co-factor of other antioxidant 

enzymes such as GPx (Regoli and Giuliani 2014). Therefore, the decrease of GSH/GSSG ratio 

with the increase of La concentrations, indicates that GSH was oxidized into GSSG which was 

further associated with increased GPx activity, an enzyme associated with the conversion of GSH 

to GSSG. Several studies also demonstrated the decrease of GSH/GSSG ratio in bivalves 
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exposed to pollutants, including studies conducted by Coppola et al. (2017) where M. 

galloprovincialis was exposed to Hg.  

 

Neurotoxicity 

In what regards to mussels’ neurotoxic status, the present study demonstrated that La 

strongly induced the inhibition of the AChE enzyme, evidencing a clear neurotoxicity capacity of 

this pollutant. AChE is an enzyme responsible for the breakdown of acetylcholine and has been 

widely used as an indicator of neurotoxicity in aquatic ecotoxicology due to its high sensitivity to 

many neurotoxic compounds such as metals (Maisano et al., 2017). Several studies already 

demonstrated the neurotoxic capacity of metals by inhibition of AChE in bivalves, including in 

mussels (Attig et al., 2010; Chalkiadaki et al., 2014) and in clams (Liu et al.,2011; Matozzo et al., 

2005).  

 

Histopathological alterations  

Using classical histology techniques, this work clearly showed that there is a degree of 

histopathological alterations under different La concentrations at the level of gonads, gills and 

digestive tubules in mussels. In particular, the results obtained showed an increase in the 

damages induced by La in a dose-dependent manner, in all analyzed tissues. In what regards to 

gonads, the histological results revealed that five out of six samples from the control group did 

not emit eggs during the experiment and their oocytes shown a regular shape, while within treated 

mussels’ groups, already at the lower concentrations, no eggs were found except in one sample 

at the lower La concentration where the few oocytes left resulted necrotic. These findings clearly 

suggest that La represent a stressful event that induced female spawning just like other stressful 

events. To date, no other studies evaluated mussels' histological alterations due to La 

contamination, namely on the reproductive capacity of M. galloprovincialis females. Nevertheless, 

alterations induced in female gonads indicate that mussel’s reproductive capacity is greatly 

affected by La, that will result into important ecological consequences for population maintenance. 

Furthermore, histopathological injuries detected in gills and digestive tubules clearly reveal the 

capacity of La to compromise mussels health and growth capacity. Studies conducted by Hua et 

al. (2017) in the fish Gobiocypris rarus exposed to La also demonstrated histopathological 
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changes in gill and liver tissues. Also, studies assessing impacts of metals and metalloids already 

demonstrated histological alterations of gills, gonads and digestive tubulles in mussels (Amachree 

et al., 2014; Cuevas et al., 2015; Sonawane, 2015; Sunila, 2011). Gills present a large surface in 

direct contact with xenobiotics present in water during mussel’s filtration and respiration 

processes, being for this reason considered a sensitive organ to changes in water quality. 

Considering that gills alterations usually lead to hypoxia, respiratory failure and ionic and acid–

base imbalances the present findings clearly indicate that impacts of La can seriously compromise 

mussel’s growth rate and general health condition namely in what regards to mussel’s condition 

index. Nevertheless, to date, no studies evaluated mussels' histological alterations after 

contamination by La.  

 

CONCLUSIONS 

The integration of all responses (La concentrations in mussels tissues, biochemical 

parameters and histopathological Indices), as shown by the PCO analyses, clearly reveal that: i) 

La is bioaccumulated by organisms, with increasing tissue concentration along with the increase 

of exposure concentration; ii) La accumulated in mussels tissues induced not only biochemical 

impacts but also histopathological alterations. Nevertheless, integrating the biochemical 

parameters in a join analyses, here accessed by IBR values, it is possible to observed that a 

stronger response was given by mussels at an intermediate concentration, which is explained by 

greater alterations at this condition for some of the biochemical parameters measured (higher 

GLY, lower AChE activity, higher GSTs activity). These results may indicate that: i) at the lowest 

concentration there was no stress enough to activate mussels responses and, ii) on the other 

hand, at the highest concentration, organisms are no longer able to continue to increase their 

responses and activation of defense mechanisms due to extreme stressful conditions. Still, in 

what regards to La accumulation, the decrease of BCF values with the increase of La 

concentration indicates that with the increase of exposure concentrations mussels decrease their 

accumulation rate, probably maintaining their valves closed for longer periods to avoid the 

entrance of La into the organism. Nevertheless, accumulation of La in mussels increased along 

the exposure concentration increasing gradient which could explain the limited response of 

mussels at the highest exposure concentration. The present study further reveal that the 
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histopathological alterations followed a dose-response pattern which was not observed in all the 

biochemical markers analyzed. Such results can be explained by the fact that biochemical 

analyses were conducted in mussels whole soft tissue, giving a response related to the general 

status of the organism, while histopathological responses are tissue specific. Considering the 

effects observed on gonads, reproductive organs, and gills, primary sites for oxygen uptake, it 

may be hypothesized that mussel’s reproduction and respiration can be greatly affect by La.  In 

relation to this topic, further research focused on the effects of rare earth elements on mussel’s 

reproductive rates are mandatory for the management of endangered marine ecosystems.  

Overall, histopathological data demonstrated significant alterations induced by La, 

which is in accordance with La bioaccumulation, metabolic depression, oxidative stress and 

neurotoxicity identified in contaminated mussels. Such findings indicate that La, even at 

environmentally relevant concentrations, will negatively affect mussels, with consequences not 

only on their biochemical performance but also on their reproductive capacity and growth rate. 

 

Acknowledgments 

Bruno Henriques benefited from Post-doc grant (SFRH/BPD/112576/2015), while 

Francesca Coppola and Rui Monteiro benefited from PhD grants (SFRH/BD/118582/2016 and 

SFRH/BD/112576/2015, respectively) given by the National Funds through the Portuguese 

Science Foundation (FCT), supported by FSE and Programa Operacional Capital Humano 

(POCH) e da União Europeia. Rosa Freitas benefited from a Research position funded by 

Integrated Programme of SR&TD “Smart Valorization of Endogenous Marine Biological 

Resources Under a Changing Climate” (reference Centro-01-0145-FEDER-000018), co-funded 

by Centro 2020 program, Portugal 2020, European Union, through the European Regional 

Development Fund. Thanks are also due for the financial support to CESAM (UID/AMB/50017) 

and CIIMAR (UID/Multi/04423/2013), to FCT/MEC through national funds, and the co-funding by 

the FEDER, within the PT2020 Partnership Agreement and Compete 2020. Thanks are also due, 

for the financial support to CESAM (UID/AMB/50017), to FCT/MEC through national funds, and 

the co-funding by the FEDER, within the PT2020 Partnership Agreement and Compete 2020; 

Programa Operacional Competitividade e Internacionalização FEDER (POCI-01-0145-FEDER-

028425) BISPECIAl - BIvalves under Polluted Environment and ClImate change. 

ACCEPTED M
ANUSCRIP

T



 

 

  

ACCEPTED M
ANUSCRIP

T



References: 

Almeida, Â., Calisto, V., Esteves, V. I., Schneider, R. J., Soares, A. M. V. M., Figueira, E., and 

Freitas, R. (2014). Presence of the pharmaceutical drug carbamazepine in coastal systems: 

Effects on bivalves. Aquatic Toxicology, 156, 74–87. 

http://doi.org/10.1016/j.aquatox.2014.08.002 

Almeida Â., Freitas R., Calisto V., Esteves V., Schneider R., Soares A.M.V.M., Figueira E. (2015). 

Chronic toxicity of the antiepileptic carbamazepine on the clam Ruditapes philippinarum. 

Comparative Biochemistry and Physiology – Part C: Toxicology & Pharmacology. 172-173: 

26-35.  

http://dx.doi.org/10.1016/j.cbpc.2015.04.004 

Almeida, Â., Calisto, V., Esteves, V. I., Schneider, R. J., Soares, A. M. V. M., Figueira, E., and 

Freitas, R. (2017). Ecotoxicity of the antihistaminic drug cetirizine to Ruditapes philippinarum 

clams. Science of The Total Environment, 602, 793–801. 

http://doi.org/10.1016/j.scitotenv.2017.05.149 

Amachree, D., Moody, A. J., and Handy, R. D. (2014). Comparison of intermittent and continuous 

exposures to inorganic mercury in the mussel, Mytilus edulis: Accumulation and sub-lethal 

physiological effects. Ecotoxicology and Environmental Safety, 109, 133–142. 

https://doi.org/10.1016/j.ecoenv.2014.07.025 

Anderson, M. J., Gorley, R. N., and Clarke, K. R. (2008). PERMANOVA+ for PRIMER: Guide to 

Software and Statistical Methods. Plymouth: PRIMER-E. 

Andrade, M., De Marchi, L., Pretti, C., Chiellini, F., Morelli, A., Soares, A. M. V. M., … Freitas, R. 

(2018). Are the impacts of carbon nanotubes enhanced in Mytilus galloprovincialis submitted 

to air exposure? Aquatic Toxicology, 202, 163–172. 

http://doi.org/10.1016/j.aquatox.2018.07.006 

Arnot, J. A., and Gobas, F. A. (2006). A review of bioconcentration factor (BCF) and 

bioaccumulation factor (BAF) assessments for organic chemicals in aquatic organisms. 

Environmental Reviews, 14(4), 257–297. http://doi.org/10.1139/a06-005 

Åström, M. (2001). Abundance and fractionation patterns of rare earth elements in streams 

affected by acid sulphate soils. Chem. Geol, 175, 249–258.  

 http://doi.org/10.1016/S0009-2541(00)00294-1 

ACCEPTED M
ANUSCRIP

T

http://doi.org/10.1016/j.aquatox.2014.08.002
http://dx.doi.org/10.1016/j.cbpc.2015.04.004
http://doi.org/10.1016/j.scitotenv.2017.05.149
https://doi.org/10.1016/j.ecoenv.2014.07.025
http://doi.org/10.1016/j.aquatox.2018.07.006
http://doi.org/10.1139/a06-005
http://doi.org/10.1016/S0009-2541(00)00294-1


Attig, H., Dagnino, A., Negri, A., Jebali, J., Boussetta, H., Viarengo, A., … Banni, M. (2010). 

Uptake and biochemical responses of mussels Mytilus galloprovincialis exposed to sublethal 

nickel concentrations. Ecotoxicology and Environmental Safety, 73(7), 1712–1719. 

http://doi.org/10.1016/j.ecoenv.2010.08.007 

Banni, M., Hajer, A., Sforzini, S., Oliveri, C., Boussetta, H., and Viarengo, A. (2014). 

Transcriptional expression levels and biochemical markers of oxidative stress in Mytilus 

galloprovincialis exposed to nickel and heat stress. Comparative Biochemistry and 

Physiology - C Toxicology and Pharmacology, 160(1), 23–29. 

http://doi.org/10.1016/j.cbpc.2013.11.005 

Bau, M., and Dulski, P. (1996). Anthropogenic origin of positive gadolinium anomalies in river 

waters. Earth and Planetary Science Letters, 143(1–4), 245–255. 

http://doi.org/10.1016/0012-821X(96)00127-6 

Barry, M.J., Meehan, B.J. (2000). The acute and chronic toxicity of lanthanum to Daphnia 

carinata. Chemosphere, 41, 1669-1674. 

Bayne, B., Holland, D., Moore, M., Lowe, D., & Widdows, J. (1978). Further studies on the effects 

of stress in the adult on the eggs of Mytilus edulis. Journal of the Marine Biological 

Association of the United Kingdom, 58(4), 825-841. 

http://doi.org/10.1017/S0025315400056794 

Beauchamp, C., and Fridovich, I. (1971). Superoxide dismutase: Improved assays and an assay 

applicable to acrylamide gels. Analytical Biochemistry, 44(1), 276–287. 

http://doi.org/10.1016/0003-2697(71)90370-8 

Beliaeff, B. and Burgeot, T. (2002). Integrated biomarker response: A useful tool for ecological 

risk assessment. Environmental Toxicology and Chemistry, 21, 1316-1322. 

http://doi.org/10.1002/etc.5620210629 

Belivermiş, M., Kiliç, Ö., and Çotuk, Y. (2016). Assessment of metal concentrations in indigenous 

and caged mussels (Mytilus galloprovincialis) on entire Turkish coastline. Chemosphere, 

144, 1980–1987. http://doi.org/10.1016/j.chemosphere.2015.10.098 

Bernet, D., Schmidt, H., Meier, W., Burkhardt-Holm, P., and Wahli, T. (1999). Histopathology in 

fish: a proposal for a protocol to assess aquatic pollution. Journal of Fish Diseases, 22, 25–

34. 

ACCEPTED M
ANUSCRIP

T

http://doi.org/10.1016/j.ecoenv.2010.08.007
http://doi.org/10.1016/j.cbpc.2013.11.005
http://doi.org/10.1016/0012-821X(96)00127-6
http://doi.org/10.1016/0003-2697(71)90370-8
http://doi.org/10.1002/etc.5620210629
http://doi.org/10.1016/j.chemosphere.2015.10.098


Berridge, M. V, Herst, P. M., and Tan, A. S. (2005). Tetrazolium dyes as tools in cell biology : New 

insights into their cellular reduction. Journal of Mechanical Engineering Research and 

Developments, 11(05), 127–152. http://doi.org/10.1016/S1387-2656(05)11004-7 

Bogers, M. (1995). Daphnia Magna, Reproduction Test With Lanthanum (La), Report  

 No.: 139499. Testing Laboratory: NOTOXB. V., Owner company: Kemira Pernis 

  B. V,'s-Hertogenbosch, Rotterdam. 

Bustamante, P., and Miramand, P. (2005). Subcellular and body distributions of 17 trace elements 

in the variegated scallop Chlamys varia from the French coast of the Bay of Biscay. Science 

of the Total Environment, 337(1–3), 59–73. http://doi.org/10.1016/j.scitotenv.2004.07.004 

Carregosa, V., Figueira, E., Gil, A. M., Pereira, S., Pinto, J., Soares, A. M. V. M., and Freitas, R. 

(2014). Tolerance of Venerupis philippinarum to salinity: Osmotic and metabolic aspects. 

Comparative Biochemistry and Physiology - A Molecular and Integrative Physiology, 171, 

36–43. http://doi.org/10.1016/j.cbpa.2014.02.009 

Catalá, A. (2009). Lipid peroxidation of membrane phospholipids generates hydroxy-alkenals and 

oxidized phospholipids active in physiological and/or pathological conditions. Chemistry and 

Physics of Lipids, 157(1), 1–11. http://doi.org/10.1016/j.chemphyslip.2008.09.004 

Chalkiadaki, O., Dassenakis, M., Paraskevopoulou, V., and Lydakis-Simantiris, N. (2014). 

Experimental study of cadmium bioaccumulation in three Mediterranean marine bivalve 

species: Correlation with selected biomarkers. Pure and Applied Chemistry, 86(7), 1189–

1204. http://doi.org/10.1515/pac-2014-0110 

Connelly, N. G. (2005). Nomenclature of inorganic chemistry: IUPAC recommendations 2005. 

The red book. Royal Society of Chemistry, Cambridge. 

Coppola, F., Almeida, Â., Henriques, B., Soares, A. M. V. M., Figueira, E., Pereira, E., and Freitas, 

R. (2017). Biochemical impacts of Hg in Mytilus galloprovincialis under present and 

predicted warming scenarios. Science of The Total Environment, 601, 1129–1138. 

http://doi.org/10.1016/j.scitotenv.2017.05.201 

Coppola, F., Almeida, Â., Henriques, B., Soares, A. M. V. M., Figueira, E., Pereira, E., and Freitas, 

R. (2018). Biochemical responses and accumulation patterns of Mytilus galloprovincialis 

exposed to thermal stress and Arsenic contamination. Ecotoxicology and Environmental 

Safety, 147, 954–962. http://doi.org/10.1016/j.ecoenv.2017.09.051 

ACCEPTED M
ANUSCRIP

T

http://doi.org/10.1016/S1387-2656(05)11004-7
http://doi.org/10.1016/j.scitotenv.2004.07.004
http://doi.org/10.1016/j.cbpa.2014.02.009
http://doi.org/10.1016/j.chemphyslip.2008.09.004
http://doi.org/10.1515/pac-2014-0110
http://doi.org/10.1016/j.scitotenv.2017.05.201
http://doi.org/10.1016/j.ecoenv.2017.09.051


Costa, P. M., Carreira, S., Costa, M. H., Caeiro, S. (2013). Development of histopathological 

indices in a commercial marine bivalve (Ruditapes decussatus) to determine environmental 

quality. Aquatic Toxicology, 126, 442-454. 

 https://doi.org/10.1016/j.aquatox.2012.08.013 

Cuevas, N., Zorita, I., Costa, P. M., Franco, J., and Larreta, J. (2015). Development of 

histopathological indices in the digestive gland and gonad of mussels: Integration with 

contamination levels and effects of confounding factors. Aquatic Toxicology, 162, 152–164. 

https://doi.org/10.1016/J.AQUATOX.2015.03.011 

De Coen, W., and Janssen, C. R. (1997). The use of biomarkers in Daphnia magna toxicity 

testing. IV.Cellular Energy Allocation: a new methodology to assess the energy budget of 

toxicant-stressed Daphnia populations. Journal of Aquatic Ecosystem Stress and Recovery, 

6, 43–55. http://doi.org/10.1023/A:1008228517955 

Dubois, M., Gilles, K. A., Hamilton, J. K. J., Rebers, P. A., and Smith, F. (1956). Colorimetric 

method for determination of sugars and related substances. Analytical Chemistry, 28(3), 

350–356. http://doi.org/10.1021/ac60111a017 

Duquesne, S., Liess, M., and Bird, D. J. (2004). Sub-lethal effects of metal exposure: 

Physiological and behavioural responses of the estuarine bivalve Macoma balthica. Marine 

Environmental Research, 58(2–5), 245–250. 

http://doi.org/10.1016/j.marenvres.2004.03.066 

Elderfield, H., Upstill-Goddard, R., and Sholkovitz, E. R. (1990). The rare earth elements in rivers, 

estuaries, and coastal seas and their significance to the composition of ocean waters. 

Geochimica et Cosmochimica Acta, 54(4), 971–991.  

 http://doi.org/10.1016/0016-7037(90)90432-K 

Ellman, G. L., Courtney, K. D., Andres, V., and Featherstone, R. M. (1961). A new and rapid 

colorimetric determination of acetylcholinesterase activity. Biochemical Pharmacology, 7(2), 

88–95. http://doi.org/10.1016/0006-2952(61)90145-9 

Fanslow, D. L., Nalepa, T. F., and Johengen, T. H. (2001). Seasonal changes in the respiratory 

electron transport system (ETS) and respiration of the zebra mussel Dreissena Polymorpha 

in Saginaw Bay, Lake Huron. Hydrobiologia, 448, 61–70. 

Figueiredo, C., Grilo, T. F., Lopes, C., Brito, P., Diniz, M., Caetano, M., … Raimundo, J. (2018). 

ACCEPTED M
ANUSCRIP

T

https://doi.org/10.1016/j.aquatox.2012.08.013
https://doi.org/10.1016/J.AQUATOX.2015.03.011
http://doi.org/10.1023/A:1008228517955
http://doi.org/10.1021/ac60111a017
http://doi.org/10.1016/j.marenvres.2004.03.066
http://doi.org/10.1016/0016-7037(90)90432-K
http://doi.org/10.1016/0006-2952(61)90145-9


Accumulation, elimination and neuro-oxidative damage under lanthanum exposure in glass 

eels (Anguilla anguilla). Chemosphere, 206, 414–423. 

http://doi.org/10.1016/j.chemosphere.2018.05.029 

Freitas, R., Almeida, Â., Pires, A., Velez, C., Calisto, V., Schneider, R. J., … Soares, A. M. V. M. 

(2015). The effects of carbamazepine on macroinvertebrate species: Comparing bivalves 

and polychaetes biochemical responses. Water Research, 85, 137–147. 

http://doi.org/10.1016/j.watres.2015.08.003 

Freitas, R., Almeida, Â., Calisto, V., Velez, C., Moreira, A., Schneider, R. J., … Soares, A. M. V. 

M. (2016). The impacts of pharmaceutical drugs under ocean acidification: New data on 

single and combined long-term effects of carbamazepine on Scrobicularia plana. Science 

of the Total Environment, 541, 977–985. http://doi.org/10.1016/j.scitotenv.2015.09.138 

Freitas, R., de Marchi, L., Moreira, A., Pestana, J. L. T., Wrona, F. J., Figueira, E., and Soares, 

A. M. V. M. (2017). Physiological and biochemical impacts induced by mercury pollution and 

seawater acidification in Hediste diversicolor. Science of The Total Environment, 595, 691–

701. http://doi.org/10.1016/j.scitotenv.2017.04.005 

Gabe, M. (1968). Metachromacity of products of secretion rich in cystine after oxidation by certain 

peracids. C. R. Acad. Sci. Hebd. Seances Acad. Sci. D 267, 666-668. 

García-Martín, E. E., McNeill, S., Serret, P., and Leakey, R. J. G. (2014). Plankton metabolism 

and bacterial growth efficiency in offshore waters along a latitudinal transect between the 

UK and Svalbard. Deep-Sea Research Part I: Oceanographic Research Papers, 92, 141–

151. http://doi.org/10.1016/j.dsr.2014.06.004 

Gomes, T., Pinheiro, J. P., Cancio, I., Pereira, C. G., Cardoso, C., and Bebianno, M. J. (2011). 

Effects of copper nanoparticles exposure in the mussel Mytilus galloprovincialis. 

Environmental Science and Technology, 45(21), 9356–9362. 

http://doi.org/10.1021/es200955s 

Habig, W. H., Pabst, M. J., and Jakoby, W. B. (1974). Glutathione S-Transferases. The fist 

enzymatic step in mercapturic acid formation. J. Biol. Chem., 249(22), 7130–7139. 

Hanana, H., Turcotte, P., Pilote, M., Auclair, J., Gagnon, C., and Gagné, F. (2017). Biomarker 

assessment of lanthanum on a freshwater invertebrate, Dreissena polymorpha. SOJ 

Biochem, 3, 1–9. http://dx.doi.org/10.15226/2376-4589/3/1/00120 

ACCEPTED M
ANUSCRIP

T

http://doi.org/10.1016/j.chemosphere.2018.05.029
http://doi.org/10.1016/j.watres.2015.08.003
http://doi.org/10.1016/j.scitotenv.2015.09.138
http://doi.org/10.1016/j.scitotenv.2017.04.005
http://doi.org/10.1016/j.dsr.2014.06.004
http://doi.org/10.1021/es200955s
http://dx.doi.org/10.15226/2376-4589/3/1/00120


Herrmann, H., Nolde, J., Berger, S., and Heise, S. (2016). Aquatic ecotoxicity of lanthanum - A 

review and an attempt to derive water and sediment quality criteria. Ecotoxicology and 

Environmental Safety, 124, 213–238. http://doi.org/10.1016/j.ecoenv.2015.09.033 

Hua, D., Wang, J., Yu, D., Liu, J. (2017). Lanthanum exerts acute toxicity and hisyopathological 

changes in gill and liver tissue of rare minnow (Gobiocypris rarus). Ecotoxicology, 26, 1207-

1215. http://doi.org/10.1007/s10646-017-1846-8 

Huang, J., Nkrumah, P.N., Anim, D.O., and Mensah, E. (2014) E-Waste Disposal Effects on the 

Aquatic Environment: Accra, Ghana. In: Whitacre D. (eds) Reviews of Environmental 

Contamination and Toxicology (Continuation of Residue Reviews), vol 229. Springer, Cham. 

http://doi.org/10.1007/978-3-319-03777-6_2 

Johansson, L. H., and Håkan Borg, L. A. (1988). A spectrophotometric method for determination 

of catalase activity in small tissue samples. Analytical Biochemistry, 174(1), 331–336. 

http://doi.org/10.1016/0003-2697(88)90554-4 

Khan, A. M., Behkami, S., Yusoff, I., Md Zain, S. B., Bakar, N. K. A., Bakar, A. F. A., and Alias, 

Y. (2017). Geochemical characteristics of rare earth elements in different types of soil: A 

chemometric approach. Chemosphere, 184, 673–678. 

http://doi.org/10.1016/j.chemosphere.2017.06.032 

King, F. D., and Packard, T. T. (1975). Respiration and the activity of the respiratory electron 

transport system in marine zooplankton. Limnology and Oceanography, 20, 849–854. 

Klaver, G., Verheul, M., Bakker, I., Petelet-Giraud, E., and Négrel, P. (2014). Anthropogenic Rare 

Earth Element in rivers: Gadolinium and lanthanum. Partitioning between the dissolved and 

particulate phases in the Rhine River and spatial propagation through the Rhine-Meuse 

Delta (the Netherlands). Applied Geochemistry, 47, 186–197. 

http://doi.org/10.1016/j.apgeochem.2014.05.020 

Kulaksiz, S., and Bau, M. (2011). Rare earth elements in the Rhine River, Germany: First case of 

anthropogenic lanthanum as a dissolved microcontaminant in the hydrosphere. 

Environment International, 37(5), 973–979. http://doi.org/10.1016/j.envint.2011.02.018 

Liu, X., Zhang, L., You, L., Yu, J., Zhao, J., Li, L., … Wu, H. (2011). Differential toxicological 

effects induced by mercury in gills from three pedigrees of Manila clam Ruditapes 

philippinarum by NMR-based metabolomics. Ecotoxicology, 20(1), 177–186. 

ACCEPTED M
ANUSCRIP

T

http://doi.org/10.1016/j.ecoenv.2015.09.033
http://doi.org/10.1007/978-3-319-03777-6_2
http://doi.org/10.1016/0003-2697(88)90554-4
http://doi.org/10.1016/j.chemosphere.2017.06.032
http://doi.org/10.1016/j.apgeochem.2014.05.020
http://doi.org/10.1016/j.envint.2011.02.018


http://doi.org/10.1007/s10646-010-0569-x 

Lürling, M., Tolman, Y. (2010). Effects of lanthanum and lanthanum-modified clay on growth, 

survival and reproduction of Daphnia magna. Water Research, 44, 309-319. 

http://doi.org/10.1016/j.watres.2009.09.034 

Maisano, M., Cappello, T., Natalotto, A., Vitale, V., Parrino, V., Giannetto, A., Oliva, S., Mancini, 

G., Cappello, S., Mauceria, A., Fasulo, S. (2017). Effects of petrochemical contamination on 

caged marine mussels using a multi-biomarker approach: Histological changes, 

neurotoxicity and hypoxic stress. Marine Environmental Research, 128, 114–123. 

http://doi.org/10.1016/j.marenvres.2016.03.008 

Matozzo, V., Tomei, A., and Marin, M. (2005). Acetylcholinesterase as a biomarker of exposure 

to neurotoxic compounds in the clam Tapes philippinarum from the Lagoon of Venice. Mar 

Pollut Bull, 50, 1686–1693. 

Matozzo, V., Binelli, A., Parolini, M., Previato, M., Masiero, L., Finos, L., … Marin, M. G. (2012). 

Biomarker responses in the clam Ruditapes philippinarum and contamination levels in 

sediments from seaward and landward sites in the Lagoon of Venice. Ecological Indicators, 

19, 191–205. http://doi.org/10.1016/j.ecolind.2011.06.020 

McCord, J. M., and I. Fridovich. (1969). Superoxide dismutase. An enzymic function for 

erythrocuprein (hemocuprein). J. Biol. Chem, 244, 6049–6055. 

McDonagh, B., Tyther, R., and Sheehan, D. (2006). Redox proteomics in the mussel, Mytilus 

edulis. Marine Environmental Research, 62, 101–104. 

http://doi.org/10.1016/j.marenvres.2006.04.001 

McLellan, B. C., Corder, G. D., Golev, A., and Ali, S. H. (2014). Sustainability of the Rare Earths 

Industry. Procedia Environmental Sciences, 20, 280–287. 

http://doi.org/10.1016/j.proenv.2014.03.035 

Mennillo, E., Casu, V., Tardelli, F., De Marchi, L., Freitas, R., and Pretti, C. (2017). Suitability of 

cholinesterase of polychaete Diopatra neapolitana as biomarker of exposure to pesticides: 

In vitro characterization. Comparative Biochemistry and Physiology Part - C: Toxicology and 

Pharmacology, 191, 152–159. http://doi.org/10.1016/j.cbpc.2016.10.007 

Merschel, G., and Bau, M. (2015). Rare earth elements in the aragonitic shell of freshwater 

mussel Corbicula fluminea and the bioavailability of anthropogenic lanthanum, samarium 

ACCEPTED M
ANUSCRIP

T

http://doi.org/10.1007/s10646-010-0569-x
http://doi.org/10.1016/j.marenvres.2016.03.008
http://doi.org/10.1016/j.ecolind.2011.06.020
http://doi.org/10.1016/j.marenvres.2006.04.001
http://doi.org/10.1016/j.proenv.2014.03.035
http://doi.org/10.1016/j.cbpc.2016.10.007


and gadolinium in river water. Sci. Total Environ, 533, 91–101. 

https://doi.org/10.1016/j.scitotenv.2015.06.042 

Mesquita, C. S., Oliveira, R., Bento, F., Geraldo, D., Rodrigues, J. V., and Marcos, J. C. (2014). 

Simplified 2,4-dinitrophenylhydrazine spectrophotometric assay for quantification of 

carbonyls in oxidized proteins. Analytical Biochemistry, 458, 69–71. 

http://doi.org/10.1016/j.ab.2014.04.034 

Monteiro, R., Costa, S., Coppola, F., Freitas, R., Vale, C., and Pereira, E. (2019a). Evidences of 

metabolic alterations and cellular damage in mussels after short pulses of Ti contamination. 

Science of the Total Environment, 650, 987–995. 

http://doi.org/10.1016/j.scitotenv.2018.08.314 

Monteiro, R., Costa, S., Coppola, F., Freitas, R., Vale, C., and Pereira, E. (2019b). Toxicity 

beyond accumulation of Titanium after exposure of Mytilus galloprovincialis to spiked 

seawater. Environmental Pollution, 244, 845–854. 

http://doi.org/10.1016/j.envpol.2018.10.035 

Ohkawa, H., Ohishi, N., and Yagi, K. (1979). Assay for lipid peroxides in animal tissues by 

thiobarbituric acid reaction. Analytical Biochemistry, 95(2), 351–358. 

http://doi.org/10.1016/0003-2697(79)90738-3 

Olías, M., Cerón, J.C., Fernández, I., and De La Rosa, J. (2005) Distribution of rare earth 

elements in an alluvial aquifer affected by acid mine drainage: The Guadiamar aquifer (SW 

Spain). Environ. Pollut, 135, 53–64. http://doi.org/10.1016/j.envpol.2004.10.014. 

Otsuka, M., Tai, T. I., and Sante, K. A. A. (2012). Trace Element Contamination around the E-

waste Recycling Site at Agbogbloshie, Accra City, Ghana. Interdisciplinary Studies on 

Environmental Chemistry - Environmental Pollution and Excotoxicology, 6, 161–167. 

Paglia, D. E., and Valentine, W. N. (1967). Studies on the quantitative and qualitative 

characterization of erythrocyte glutathione peroxidase. The Journal of Laboratory and 

Clinical Medicine, 70(1), 158–169. http://doi.org/0022-2143(67)90076-5  

Palmer, A. S., Snape, I., Stark, J. S., Johnstone, G. J., and Townsend, A. T. (2006). Baseline 

metal concentrations in Paramoera walkeri from East Antarctica. Marine Pollution Bulletin, 

52(11), 1441–1449. http://doi.org/10.1016/j.marpolbul.2006.04.012 

Rahman, I., Kode, A., and Biswas, S. K. (2007). Assay for quantitative determination of 

ACCEPTED M
ANUSCRIP

T

https://doi.org/10.1016/j.scitotenv.2015.06.042
http://doi.org/10.1016/j.ab.2014.04.034
http://doi.org/10.1016/j.scitotenv.2018.08.314
http://doi.org/10.1016/j.envpol.2018.10.035
http://doi.org/10.1016/0003-2697(79)90738-3
http://doi.org/10.1016/j.envpol.2004.10.014
http://doi.org/0022-2143(67)90076-5
http://doi.org/10.1016/j.marpolbul.2006.04.012


glutathione and glutathione disulfide levels using enzymatic recycling method. Nature 

Protocols, 1(6), 3159–3165. http://doi.org/10.1038/nprot.2006.378 

Regoli, F., and Principato, G. (1995). Glutathione, glutathione-dependent and antioxidant 

enzymes in mussel, Mytilus galloprovincialis, exposed to metals under field and laboratory 

conditions: implications for the use of biochemical biomarkers. Aquatic Toxicology, 31(2), 

143–164. http://doi.org/10.1016/0166-445X(94)00064-W 

Regoli, F., and Giuliani, M. E. (2014). Oxidative pathways of chemical toxicity and oxidative stress 

biomarkers in marine organisms. Marine Environmental Research, 93, 106–117. 

http://doi.org/10.1016/j.marenvres.2013.07.006 

Riget, F., Johansen, P., and Asmund, G. (1996). Influence of length on element concentrations 

in blue mussels (Mytilus edulis). Marine Pollution Bulletin, 32(10), 745–751. 

http://doi.org/10.1016/0025-326X(96)00067-7 

Robinson, H., and Hodgen, C. (1940). The biuret reaction in the determination of serum proteins: 

A study of the conditions necessary for the production of a stable color which bears a 

quantitative relationship to the protein concentration. J. Biol. Chem., 135(9), 707. 

http://doi.org/10.1017/CBO9781107415324.004 

Rocha, L. S., Almeida, Â., Nunes, C., Henriques, B., Coimbra, M. A., Lopes, C. B., … Pereira, E. 

(2016). Simple and effective chitosan based films for the removal of Hg from waters: 

Equilibrium, kinetic and ionic competition. Chemical Engineering Journal, 300, 217–229. 

http://doi.org/10.1016/j.cej.2016.04.054 

Rocha, T. L., Gomes, T., Mestre, N. C., Cardoso, C., and Bebianno, M. J. (2015). Tissue specific 

responses to cadmium-based quantum dots in the marine mussel Mytilus galloprovincialis. 

Aquatic Toxicology, 169, 10–18. http://doi.org/10.1016/j.aquatox.2015.10.001 

Rouane-Hacene, O., Boutiba, Z., Belhaouari, B., Guibbolini-Sabatier, M. E., Francour, P., and 

Risso-De Faverney, C. (2015). Seasonal assessment of biological indices, bioaccumulation 

and bioavailability of heavy metals in mussels Mytilus galloprovincialis from Algerian west 

coast, applied to environmental monitoring. Oceanologia, 57(4), 362–374. 

http://doi.org/10.1016/j.oceano.2015.07.004 

Sepúlveda, A., Schluep, M., Renaud, F. G., Streicher, M., Kuehr, R., Hagelüken, C., and Gerecke, 

A. C. (2010). A review of the environmental fate and effects of hazardous substances 

ACCEPTED M
ANUSCRIP

T

http://doi.org/10.1038/nprot.2006.378
http://doi.org/10.1016/0166-445X(94)00064-W
http://doi.org/10.1016/j.marenvres.2013.07.006
http://doi.org/10.1016/0025-326X(96)00067-7
http://doi.org/10.1017/CBO9781107415324.004
http://doi.org/10.1016/j.cej.2016.04.054
http://doi.org/10.1016/j.aquatox.2015.10.001
http://doi.org/10.1016/j.oceano.2015.07.004


released from electrical and electronic equipments during recycling: Examples from China 

and India. Environmental Impact Assessment Review, 30(1), 28–41. 

http://doi.org/10.1016/j.eiar.2009.04.001 

Sneller, F. E., Kalf, D., Weltje, L., and Van Wezel, A. (2000). Maximum Permissible 

Concentrations and Negligible Concentrations for Rare Earth Elements (REEs). Rivm, 

report 601(June 2000), 66 p. 

Sonawane, S. M. (2015). Effect of Heavy Metals on Gills of Fresh Water Bivalve Lamellidens 

marginalis. Journal of Environmental Science, Toxicology and Food Technology, 9(9), 5–

11. https://doi.org/10.9790/2402-09910511 

Sturve, J., Almroth, B. C., and Förlin, L. (2008). Oxidative stress in rainbow trout (Oncorhynchus 

mykiss) exposed to sewage treatment plant effluent. Ecotoxicology and Environmental 

Safety, 70(3), 446–452. http://doi.org/10.1016/j.ecoenv.2007.12.004 

Sunila, I. (1988). Acute histological responses of the gill of the mussel, Mytilus edulis, to exposure 

by environmental pollutants. Journal of Invertebrate Pathology, 52, 137-141.  

 http://doi.org/10.1016/0022-2011(88)90112-7 

Suzuki, Y. J., Carini, M., and Butterfield, D. A. (2010). Protein Carbonylation. Antioxidants & 

Redox Signaling, 12(3), 323–325. http://doi.org/10.1089/ars.2009.2887 

Taze, C., Panetas, I., Kalogiannis, S., Feidantsis, K., Gallios, G. P., Kastrinaki, G., … Kaloyianni, 

M. (2016). Toxicity assessment and comparison between two types of iron oxide 

nanoparticles in Mytilus galloprovincialis. Aquatic Toxicology, 172, 9–20. 

http://doi.org/10.1016/j.aquatox.2015.12.013 

Teixeira, M., Almeida, Â., Calisto, V., Esteves, V. I., Schneider, R. J., Wrona, F. J., … Freitas, R. 

(2017). Toxic effects of the antihistamine cetirizine in mussel Mytilus galloprovincialis. Water 

Research, 114, 316–326. http://doi.org/10.1016/j.watres.2017.02.032 

Tomlinson, G., Ian, B., and Mooibroek, M. J. (1982). Activation and inactivation of purified 

acetylcholinesterase from electrophorus electricus by Lanthanum(III). Biochimica et 

Biophysica Acta (BBA) - Protein Structure and Molecular Enzymology, 703, 142–148. 

Topp, N.E. (1965). The Chemistry of the Rare-Earth Elements. American Elsevier Publishing 

Company, Amsterdam. 

Townsend, D. M., and Tew, K. D. (2003). The role of glutathione-S-transferase in anti-cancer drug 

ACCEPTED M
ANUSCRIP

T

http://doi.org/10.1016/j.eiar.2009.04.001
https://doi.org/10.9790/2402-09910511
http://doi.org/10.1016/j.ecoenv.2007.12.004
http://doi.org/10.1016/0022-2011(88)90112-7
http://doi.org/10.1089/ars.2009.2887
http://doi.org/10.1016/j.aquatox.2015.12.013
http://doi.org/10.1016/j.watres.2017.02.032


resistance. Oncogene, 22(47), 7369–7375. http://doi.org/10.1038/sj.onc.1206940 

Trevisan, R., Flesch, S., Mattos, J. J., Milani, M. R., Bainy, A. C. D., and Dafre, A. L. (2014). Zinc 

causes acute impairment of glutathione metabolism followed by coordinated antioxidant 

defenses amplification in gills of brown mussels Perna perna. Comparative Biochemistry 

and Physiology - C Toxicology and Pharmacology, 159(1), 22–30. 

http://doi.org/10.1016/j.cbpc.2013.09.007 

Trombini, C., Garcia da Fonseca, T., Morais, M., Rocha, T. L., Blasco, J., and Bebianno, M. J. 

(2016). Toxic effects of cisplatin cytostatic drug in mussel Mytilus galloprovincialis. Marine 

Environmental Research, 119, 12–21. http://doi.org/10.1016/j.marenvres.2016.05.004 

Troncone, L., De Lisa, E., Bertapelle, C., Porcellini, A., Laccetti, P., Polese, G., Di Cosmo, A. 

(2014). Morphofunctional characterization and antibacterial activity of haemocytes from 

Octopus vulgaris. Journal of Natural History, 49, 21-24, 1457-1475. 

http://doi.org/10.1080/00222933.2013.826830 

Uchida, N., Matsukami, H., Someya, M., Tue, N. M., Tuyen, L. H., Viet, P. H., … Suzuki, G. (2018). 

Hazardous metals emissions from e-waste-processing sites in a village in northern Vietnam. 

Emerging Contaminants. http://doi.org/10.1016/j.emcon.2018.10.001 

US-EPA. (2012). Rare Earth Elements: A Review of Production, Processing, Recycling, and 

Associated Environmental Issues. United States Environmental Protection Agency, 

Cincinnati, OH, EPA/600/R-12/572. 

Velez, C., Teixeira, M., Wrona, F. J., Soares, A. M. V. M., Figueira, E., and Freitas, R. (2016). 

Clam Ruditapes philippinarum recovery from short-term exposure to the combined effect of 

salinity shifts and Arsenic contamination. Aquatic Toxicology, 173, 154–164. 

http://doi.org/10.1016/j.aquatox.2016.01.007 

Viarengo, A., Dondero, F., Pampanin, D. M., Fabbri, R., Poggi, E., Malizia, M., … Cossa, G. P. 

(2007). A biomonitoring study assessing the residual biological effects of pollution caused 

by the HAVEN wreck on marine organisms in the Ligurian sea (Italy). Archives of 

Environmental Contamination and Toxicology, 53(4), 607–616. 

http://doi.org/10.1007/s00244-005-0209-2 

Wang, W., Nicholas, S., and Samuel, N. (1996). Kinetic determinations of trace element 

bioaccumulation in the mussel Mytilus edulis. Marine Ecology Progress Series, 140, 91-113. 

ACCEPTED M
ANUSCRIP

T

http://doi.org/10.1038/sj.onc.1206940
http://doi.org/10.1016/j.cbpc.2013.09.007
http://doi.org/10.1016/j.marenvres.2016.05.004
http://doi.org/10.1080/00222933.2013.826830
http://doi.org/10.1016/j.emcon.2018.10.001
http://doi.org/10.1016/j.aquatox.2016.01.007
http://doi.org/10.1007/s00244-005-0209-2


Wedeen, R. P., Berlinger, B., Aaseth, J. (2015). Chapter 42 - Lanthanum. In: Handbook on the 

toxicology of metals: fourth edition, Academic Press, 2015,  903–909. 

 https://doi.org/10.1016/B978-0-444-59453-2.00042-1. 

Weltje, L., Heidenreich, H., Zhu, W., Wolterbeek, H. T., Korhammer, S., Goeij, J. J. M., and 

Markert, B. (2002). Lanthanide concentrations in freshwater plants and molluscs, related to 

those in surface water, pore water and sediment. A case study in The Netherlands. Science 

of the Total Environment, 286(1–3), 191–214. http://doi.org/10.1016/S0048-9697(01)00978-

0 

Xu, Q., Fu, Y., Min, H., Cai, S., Sha, S., and Cheng, G. (2012). Laboratory assessment of uptake 

and toxicity of lanthanum (La) in the leaves of Hydrocharis dubia (Bl.) Backer. Environmental 

Science and Pollution Research, 19(9), 3950–3958. http://doi.org/10.1007/s11356-012-

0982-1 

 

  

ACCEPTED M
ANUSCRIP

T

https://doi.org/10.1016/B978-0-444-59453-2.00042-1
http://doi.org/10.1016/S0048-9697(01)00978-0
http://doi.org/10.1016/S0048-9697(01)00978-0
http://doi.org/10.1007/s11356-012-0982-1
http://doi.org/10.1007/s11356-012-0982-1


Figure captions 

 

ACCEPTED M
ANUSCRIP

T



Figure 1. A: Electron transport system activity (ETS), B: Glycogen content (GLY) and C: 

Protein content (PROT), in Mytilus galloprovincialis exposed to different conditions (CTL-

0.0 mg/L, 0.1, 1.0 and 10.0 mg/L of La). Values are presented as mean + standard 

deviation. Significant differences (p ≤ 0.05) among conditions are represented with 

different letters. 
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Figure 2. A: Superoxide dismutase activity (SOD); B: Catalase activity (CAT); and C: 

Glutathione peroxidase activity (GPx), in Mytilus galloprovincialis exposed to different 

conditions (CTL-0.0 mg/L, 0.1, 1.0 and 10.0 mg/L of La). Values are presented as mean 

+ standard deviation. Significant differences (p ≤ 0.05) among conditions are represented 

with different letters. 

 

Figure 3. Glutathione S-transferases activity (GSTs), in Mytilus galloprovincialis exposed 

to different conditions (CTL-0.0 mg/L, 0.1, 1.0 and 10.0 mg/L of La). Values are 

presented as mean + standard deviation. Significant differences (p ≤ 0.05) among 

conditions are represented with different letters. 
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Figure 4. A: Lipid peroxidation levels (LPO); B: Protein carbonylation levels (PC); and C: 

reduced/oxidised glutathione ratio (GSH/GSSG), in Mytilus galloprovincialis exposed to 

different conditions (CTL-0.0 mg/L, 0.1, 1.0 and 10.0 mg/L of La). Values are presented 

as mean + standard deviation. Significant differences (p ≤ 0.05) among conditions are 

represented with different letters. 

 

Figure 5. Acetylcholinesterase activity (AChE), in Mytilus galloprovincialis exposed to 

different conditions (CTL-0.0 mg/L, 0.1, 1.0 and 10.0 mg/L of La). Values are presented 

as mean + standard deviation. Significant differences (p ≤ 0.05) among conditions are 

represented with different letters. 
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Figure 6. Micrographs of histopathological alterations observed in the ovaries of Mytilus 

galloprovincialis exposed to different La concentrations stained with hematoxylin: CTL 

exhibited normal ovarian follicles containing maturing oocytes (oc); Follicles after 

gametes release in mussels exposed to La at 0.1 mg/L and 10 mg/L. Atrophied follicles 

of a female mussel exposed to La at 1 mg/L, revealing many apoptotic (a) and necrotic 

(n) oocytes. Lipofuscin aggregates (*) can be observed in the adipogranular tissue of 

mussel exposed to 10 mg/L La. Scale bars = 50 µm. 
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Figure 7. Micrographs of histopathological alterations observed in the gills of Mytilus 

galloprovincialis exposed to different Lan concentrations stained with hematoxylin: CTL 

mussel gills with frontal and lateral cilia; evident enlargement of the central vessel in 

mussel exposed to La at 0.1 mg/L; hemocytes infiltration in mussel exposed to La at 1 

mg/L; abundance of lipofuscin aggregates (*) in mussel exposed to La at 10 mg/L. Scale 

bar 50 µm and 20 µm. 
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Figure 8. A: Histopathological index in gills (IhG); B: Histopathological index in digestive 

tubules (IhDG) in Mytilus galloprovincialis. Results are mean + standard deviation. 

Significant Differences between CTL and exposed mussels were represented by * if 

p≤0.05, ** if p≤0.01 and *** if p≤0.001. 
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Figure 9. Micrographs of histopathological alterations observed in the digestive tubules 

of Mytilus galloprovincialis exposed to different La concentrations stained with 

hematoxylin: CTL digestive tubules showing a normal structure; evident lipofuscin 

accumulation (*) and atrophied digestive tubules (at) showing large lumen and thin 

epithelium in mussel exposed to La at 0.1 mg/L; degeneration of the digestive tubules 

and cell loss (arrows) due to necrosis in mussel exposed to La at 1 mg/L and 10 mg/L. 

Scale bar = 50µm. 
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Figure 10. Centroids ordination diagram (PCO) based on biochemical and 

histopathological parameters, measured in Mytilus galloprovincialis exposed to different 

conditions (CTL-0.0 mg/L, 0.1, 1.0 and 10.0 mg/L of La). Pearson correlation vectors are 

superimposed as supplementary variables, namely biochemical data (r > 0.75): La, 

PROT; ETS; LPO; PC; GSH/GSSG; AChE; SOD; CAT; GPx; GSTs; IhDG; IhG. 
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Table 1: Gills and digestive tubules of Mytilus galloporvincialis exposed for 28 days under 
different La concentrations 

 

 

 

 

 

 

 

Tissue Histopathological alteration Weight (w) 

Gills 

Lipofuscin aggregates 1 
Loss of cilia 2 
Enlarged central vessel 1 
Heamocyte infiltration 1 

Digestive tubules 

Lipofuscin aggregates 1 
Heamocyte infiltration 1 
Atrophy 2 
Necrosis 3 
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