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Abstract
The toxicological understanding of rare earth elements (REEs)
in the aquatic environment is very limited and concerns are rising
about their safety to the environment. This study aimed to determine
the bioavailability of Lanthanum (La) in zebra mussel, to evaluate
its effects after 14 and 28 days through a multi biomarker approach
and to estimate the cumulative effects of exposure to this lanthanide
and air-time survival. Results showed that La was bioaccumulated in
mussels but did not trigger metallothionein induction. In addition,
La caused an antioxidant and prooxidant effects depending on the
concentration and the duration of exposure but no genotoxicity was
found. A significant decrease in glutathione-S-transferase activity
was observed after 14 days but not after 28 days of exposure. Results
revealed that low concentration of La enhanced citrate synthase
activity, while high concentration trend to decrease its activity.
Furthermore, this lanthanide did not significantly affect the airtime survival and mussel weight by comparison to control mussels.
We suggested that La could contribute in the resistance of mussels
to stress induced by air exposure by improving TCA cycle. This
study demonstrates that La has diverse effect on mussel but further
experiments are needed to elucidate its exact mechanism of action.
Keywords: Rare earth elements, lanthanum, Zebra mussels,
Bioavailability, Oxidative stress, Genotoxicity.

Introduction

Rare earth elements (REEs) are a group of 17 elements
including the lanthanide groups and two other elements,
scandium and yttrium, closely related to lanthanides. REEs
are naturally present in the environment and they have an
essential role in the efficient function of the world’s economy
[1]. Their unique physical and chemical properties make them
indispensable for a wide variety of applications in industrial,
agricultural and medical sectors [2]. The global production of
REEs has increased since 1980/1990 (EPA, 2012) due to their
increased use in industry which was estimated about 84,000
Symbiosis Group

tons of oxides in 2003 [3]. However, this growing use of REEs
is accompanied by enrichment to the environment [4]. Indeed,
REE senter the groundwater and eventually migrate into rivers
and lakes [5] and reach humans through trophic transfer [6,
7]. Despite their widespread applications, environmental risks
related to REEs have received little attention which explains the
paucity of data about their bioavailability and ecotoxicological
impact. Thus, more research on the environmental impacts and
biological effects of REE sis required [8].

Lanthanum (La), a representative element of light REEs, is
widely used in electronics and optoelectronics, lighters, ceramics,
battery [9] and also to stimulate the growth of agricultural
products [10]. Therefore, this element is considered of specific
interest as one of the major lanthanides found in industrial
effluents [11]. Although dissolved lanthanum species (La3+)
represent a very small proportion of lanthanum compounds in
water and sediment, they are bioavailable and cause adverse
effects in living biological systems [12]. In fishes and amphibians,
several effects of La have been reported particularly on nervous
systems [13,14], excretory organs [15] and smooth muscles [1618]. Previous study demonstrated also that La3+ delayed zebra
fish embryo and larval development, decreased survival and
hatching rates and causes tail malformation in a concentration
–dependent way [19]. Studies performed with crustaceans are
focused mainly in evaluating the effect of La on survival, growth
and reproduction [20, 21, 22] and showed the highest sensitivity
of those organisms towards La-ions dissolved from LaCl3. In our
Knowledge, few reports on La effects in marine bivalves have
been published before now [23, 24, 25]. Given the lack of data
for aquatic organisms, studies with mammals are provided. The
trivalent La3+interfere with the immune defense and the function
of the liver, spleen, heart and blood vessels and brain [26].
Previous studies indicated that lanthanum chloride accumulated
in brain [10] alter the learning capacity and memory in animals
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[10,27,28]. Researchers have also shown that La3+entered
hepatocytes [29] accumulated and induced oxidative damage
in mitochondria [30]. In fish liver, this element induced an
inhibitory action on mitochondrial energy turnover [31]. The
injury caused by La3+ may be attributed to the occurrence of
oxidative stress and to the homeostatic disturbances of essential
elements and enzymes [10]. Indeed, the mode of action of La3+on
tissues and cells is similar to other lanthanides. In vitro, it reacts
with various tissue components, like nucleoproteins, amino acids,
phospholipids, enzymes, intermediate metabolites and inorganic
phosphate and it can precipitate DNA [12]. In general, the
biological activities of La3+ on a cellular system is often mediated
through the competition for binding sites with calcium ions, since
both ions have similar ionic radii [11] and also through its high
affinity for phosphate groups of biological molecules.

As indicated above, only a few aquatic toxicological studies
addressing environmental effects of La in invertebrates have
been published. Therefore, there is clearly a lack of data on the
potential Sublethal and long term effects of REEs in aquatic
organisms. Biochemical approaches in ecotoxicology have the
advantage of finding early warning signals at the molecular level,
which can led to effects at higher levels of biological organization
[32]. Moreover, the study of biomarkers at different levels of the
biological scale allows to elucidate adverse outcome pathways
and a better understanding of the mechanisms involved on
species [33]. Bivalves are one of animal models that are often
used to conduct ecotoxicological studies with biomarkers [34].
Those animals are important members of aquatic invertebrates
and have essential ecological functions as food source, calcium
mobilization and removal of suspended matter in the water
column. Moreover, these organisms are efficient filter feeders
which exposed them to numerous contaminants, including REEs.
Among bivalves, zebra mussel Dreissena polymorpha, a wellestablished invasive model organism has been frequently used
in Europe as well as in North America for the biomonitoring
and for the assessment of environmental quality [35]. Indeed,
those mollusks which pervade most environments with enough
calcium and zooplankton to sustain their growth and survival are
widespread and found in nearly all water bodies in Europe and
North America.
Thus, the purpose of this study was to investigate the effect
of a sub chronic exposure to LaCl3 in a freshwater invertebrate,
the zebra mussel Dreissena polymorpha. La concentrations were
determined in mussel tissues to assess its bioavailability. In
addition to bioavailability; biomarkers of oxidative and genetic
damage were evaluated through a multi biomarker approach.
Biomarkers studied in this work were selected given that
previous reports revealed cytotoxicity following overproduction
of reactive oxidative species (ROS) leading to lipid peroxidation,
and DNA damage.

Materials and methods
Sampling

Adult zebra mussels, Dreissena polymorpha, were collected
in July 2014 at a reference site in the Saint-Lawrence River near
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the City of Montréal, Québec, Canada at the following coordinates
45°19′50″N, 73°58′12″W.Mussels were gently cut off from the
rocks (they attached themselves to solid substrates through
abyssus), quickly transferred to the laboratory in bags filled with
river water. For acclimation, mussels were kept in 50 L glassholding aquaria filled with charcoal and UV-treated tap water
(City of Montréal, QC. Canada) in the laboratory at15°C, 16h
light/8h dark cycle under constant aeration and were fed three
times per week with concentrates of phytoplankton (Phytoplex,
Kent Marine, WI) and Pseudokirchneriella subcapitata algal
preparations. A total of 240 mussels having similar shell length
(1.3 ± 5 mm) were used in this study. Mussels were placed in 4 L
containers lined with polyethylene bags and exposed to increasing
concentrations (10, 50, 250 and 1250 µg/ L) of lanthanum
chloride (262072, Sigma) for 14 and 28 days at 15°C. The control
group consisted of mussel exposed to aquarium water only. The
number of mussels used was 24 for each group. After exposure
periods, tissues from a sub-group of mussel (n=8mussels/
treatment) were collected for subsequent biomarker assays and
for evaluation of total La accumulation (n=8 mussels/treatment).
Another sub-group of survival mussel (n=8mussels/treatment)
was removed and used to evaluate the air-time survival i.e., the
survival of mussels in air.

Chemical analyses

The bioavailability of La was determined in water and in the
soft tissue of mussels. La concentrations in water samples from
control and exposure groups were analyzed at the beginning of
the exposure period (t=0). Briefly, total La concentrations were
determined after acidification with nitric acid (1%) (seastar
grade) and analyzed by ion-coupled plasma mass spectrometry
(ICP-MS, XSERIES 2 ICP-MS, Thermo Scientific, USA)with a
detection limit of 1 ng/L.

Bioaccumulation of La was carried out at the end of exposure
periods after keeping mussel in clean water for 24 h to allow
them to depurate. Soft tissue was sampled, weighed and frozen
at -80°C until analysis. Tissues were acid-digested with 8 ml
of concentrated HNO3, 1 ml of concentrated HCl, and 2 ml of
concentrated H2O2. The tissues were then digested during 2 h at
170°C using a high pressure microwave oven (Ethos EZ, Milestone
Scientific Inc, ON, Canada). The samples were completed to final
volume of 12 ml with de ionized water. Total La concentration
was afterwards determined by ICP-MS (XSERIES 2 ICP-MS,
Thermo Scientific, USA) with a detection limit of 0.02 mg/Kg
(wet/weight). The metal bioaccumulation factor (BAF) was
calculated by dividing the mean level of metals in soft tissues
by the total mean values for metals found in the dissolved and
particle-bound phases.

Air time survival

After 14 and 28 days of exposure to La, the survival of
mussels in air was evaluated. This experience was performed for
up to 7 days in air at 20°C under humidified atmosphere (>80%).
Mortality was determined by sustained shell opening and total
weight was recorded each day for 7 days. The proportions of
weight loss were calculated by the following formula: % weight
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loss = ((mussel weight at the end of exposure to air / mussel
weight before exposure to air) x 100)-100.

Biochemical analyses

Mussels were thawed on ice for approximately 10–15
min. After rapid dissection, soft tissue from each mussel was
homogenized in 1:5 (w/v) ratio of buffer solution containing25
mM Hepes-NaOH buffer, 100 mM NaCl, 1 mM dithiothreitol and
1µg/L of aprotinin with pH adjusted to 7.4. Aliquots of each
homogenate were sampled for total protein lipid peroxidation
(LPO), DNA damage (DNA). A portion of the homogenates
was centrifuged at1500g for 10 min at 2°C and the resulting
supernatant, considered free of unbroken cells or cell debris,
was centrifuged at 10000g for 20 min at 2°C and collected for
determination of metallothionein (MT) levels and glutathione
S-transferase (GST) activity. The pellet was re-suspended
in homogenization buffer (200 µL/g of tissue) and used as a
mitochondrial fraction to measure the citrate synthase activity.
The supernatant (S10), the mitochondrial fraction and the
homogenates were stored at -80°C until analysis. Concentrations
of studied biomarkers were normalized with the total individual
protein concentration according to Bradford methodology
[36] with bovine serum albumin as the standard. Total protein
concentration was measured with the absorption at 595 nm by a
micro plate reader.
Lipid peroxidation: Lipid peroxidation (LPO) was
determined according to the thiobarbituric acid (TBARS)
methodology (Wills, 1987) which consists to measure the
production of malonaldehyde in the mussel homogenate. A
volume of 150 µL of 10% TCA containing 1 mM FeSO4 and 75µL of
0.67% TBA was added to 75µL of homogenate, mixed and heated
at 70°C for 10 min. To detect thiobarbituric acid reactants, 100 µL
of the supernatant was added to a 96 well plate and fluorescence
was measured at 540 and 600 nm for excitation and emission,
respectively. Blanks and standards of tetramethoxypropane
(stabilized form of malonaldehyde) were prepared in the
presence of the homogenization buffer. The data were expressed
as nmoles of TBARS/ mg of homogenate proteins.

DNA damage: The levels of DNA strand breaks were
determined using the alkaline precipitation assay developed
by [37] but using fluorescent-based DNA strands for detection.
The assay principle is based on the precipitation of proteincontaining genomic DNA from protein-free DNA strand breaks
left in the supernatant. 200 µL of 2% SDS, 10 mM EDTA, 10 mM
Tris and 40 mM NaOH and 200 µL of 0.12 M KCl were added to
25 µL of homogenate than mixed and heated at 60°C for 10 min.
Samples were removed, kept at 4°C for 30 min and centrifuged at
8000 g for 5 min at 4°C. A 50 µL sample of the supernatant was
added to a 96 well plate and DNA strands were detected using
the Hoechst dye at 350 nm excitation and 450 nm emission. DNA
quantification was measured with standard solutions of salmon
sperm DNA. The data were expressed as µg DNA/ mg proteins in
the homogenate.
Glutathione S-transferase activity: Glutathione S-transferase (GST) was measured using 1-chloro-2,4-dichloronitroben-
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zene (CDNB) as substrate. The reaction mixture containing10 mM
Hepes pH 6.5, 1mM GSH, 1mM 1-chloro-2-4-dinitrobenzene, 125
mM NaCl. The absorbance was measured at 340 nm and standard
solutions of freshly prepared GSH were used for calibration. The
results were expressed as formation of nmoles of GSH per minute
per milligram protein (nmoles GSH/min/mg proteins).

Citrate synthase activity: Citrate synthase (CS) activity
was determined using a spectrophotometric assay in the
mitochondrial fraction according to the method described by
[38] with slight modifications. Briefly,10 µL of oxaloacetate (final
concentration of 0.5 mM) was mixed to 10 µl of mitochondrial
preparation and 180 µl of assay buffer (100 mM Tris–HCl pH
8, 0.4 mM Acetyl CoA, 0.2mM 5,5-dithio-bis-(2-nitrobenzoic
acid)(DTNB).The assay was performed in a microplate reader
for 30 min at 412 nm and 25°C. Activities were determined
by the following formula: Δ absorbance /min/ (εx L (cm) x mg
mitochondria); ε: is the extinction coefficient of DTNB at 412 nm
(13.6 mM cm--1) and L: is the path length for absorbance.

Metallothionein-like proteins (MT): The level of MT like
proteins was measured by the silver saturation assay [39] using
the modification for non-radioactive silver [40]. A 50 µL subsample of the 10000 g supernatant was mixed with one volume
of 0.2 M glycine buffer (pH 8.5) and Ag was added to obtain a
final concentration of 2 mg/L at pH 8.5 in glycine buffer. After
incubation for 15 minatroom temperature, 25µL of 2.5%
hemoglobin (Hb) was added and incubated for 5 min at 20oC.The
sample was then heated at 100°C for 2 min and centrifuged at
10000g for 5 min to remove excess silver bound to denatured
proteins and added hemoglobin. The last step was repeated once
more to completely remove the excess (loosely bound) silver.
The silver concentration in the supernatant was determined by
atomic absorption spectrophotometry equipped with Zeeman
effect background correction. A ratio of 12 moles of bound Ag to 1
mole of MT was assumed [41]. Results were expressed as nmoles
of MT equivalents/ mg of proteins.

Data analysis

Data were expressed as mean ± standard error and normality
was checked with Kolomogorov-Smirnov’ test. Analysis of
variance (ANOVA), was followed by a Fisher LSD post-hoc test
to evaluate significant differences (*:p<0.05; **: p<0.01) between
treated samples and controls. The Pearson correlation was
carried out to examine the global response patterns of biomarkers
and bioaccumulation data between control and exposed groups.
All the statistical analyses were conducted with STATISTICA
(version 7, statsoft Inc., 1995)

Results

Lanthanum bioavailability
At t=0, La concentrations in water were approximately 1530% lower than expected in the 10-1250 µg/L range of test
concentrations (table1). In the soft tissue, La contents determined
after both times of exposure showed a concentration dependent
significant increase compared with the control mussels in which
La was detected at trace levels (table 1). The concentration of
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Table 1: La concentrations measured by ICP MS in water at t = 0and in the soft tissue of zebra mussel exposed to LaCl3 for 14 and 28 days. Variations
of bio concentration factors of La in mussel were also reported. The data represent the mean ± standard error (n=8), p values were determined by
ANOVA. Fisher LSD post-hoc test was used to identify significant differences between La treatments and control (Ctrl) (* p <0.05, ** p <0.01 level).
La biavailability in water
La biavailability in tissue
BAF
La concentration (µg/L)
(µg/L)
(mg/Kg)
(L/Kg)
0
10
50
250
1250

t=0

t = 14 days

t = 28 days

0.0074 ±0.0005

0.048 ± 0.012

0.039 ± 0.001

36.97 ± 5.13

5.19 ± 0.7

5.97 ± 0.79*

8.68 ± 1.6

212.57 ± 54.65

1042.77 ± 162.97

1.31 ± 0.17

21.46 ± 8.5*

51.66 ± 6.26**

metal accumulated in the tissue after exposure to the highest
dose of La was determined only after 14 days of exposure as we
have observed mortality in mussels after prolonged exposure of
28 days. The amount of La accumulated after 14 days of exposure
to 1250 μg/L reached a value significantly higher than the
control (p<0.0001), 51.65mg/Kg (wet/weight) and giving a La
bioaccumulation factor (BAF) of 49 L/Kg. Whereas, no significant
differences could be evidenced between groups exposed to the
lower concentrations of La (10 and 50 µg/L) and the control
(p<0.05).
After 28 days of exposure, results showed no significant
differences between groups treated with the lowest dose and
the control one (p> 0.05). However, La concentrations were 150
fold (p<0.05) and 400 fold higher (p<0.0001) than the control
mussels for mussels exposed respectively to 50 and 250 µg/L.
The BAFs for the mussels exposed to those concentrations were
161 and 73L/Kg respectively. Moreover, comparing to results
obtained after 14 days of treatment, concentration of La detected
in mussels treated with 250µg/L was lower.

Air-time survival in freshwater mussels

In order to understand the cumulative effects of chronic
exposure to La and air exposure, the air-time survival test was
determined. The survival of mussels was assessed by evaluating
the capacity of mussels to maintain closed shells as it is known
that bivalve shells remain closed during stressful situations.
Data showed that air time survival was not affected in all groups
treated with La by comparison to control (Figure 1A). Overall,
mortality occurred after 4 days of exposure to air but after 6
days of exposure mussel shells remain closed. Our results also
indicated that mortality in the group treated with the highest
concentration of La for 14 days occurs with less body weight
loss 30% by comparison to control group 41% (p<0.05) (Figure
1B). While after 28 days and for the same dose, body weight loss
leading to mortality (31%) was higher than in control group
(25%) suggesting that rapid weight loss precedes mortality
events. For the other groups of mussels, the body weight loss was
not significantly affected (p>0.05).

Biochemical effects

Biomarker results are reported in Figure 2. Oxidative damage
was determined in mussel tissues by following changes in LPO.

1.81 ± 0.47

15.58 ± 2.47**

t =14 days

t = 28 days

151,73

209,02

6553,41

5275,75

140,49

161,43

100,96
49,54

73,30

After 14 days, La caused a significantly concentration dependent
decrease in LPO levels (Figure 2A).Exposure to La 250 and
1250 µg/L induced a significant decrease of TBARS amount by
31% (p<0.05) and 46% (p<0.001) compared respectively to the
concentration measured in control group. In contrast, a significant
increase of LPO was found after 28 days of exposure to 1250 µg/L
(p<0.01), with values 80% higher than the corresponding control.
In contrast, no significant differences were evidenced between
the other tested doses and control.

DNA strand breaks (Figure 2B) and MT (Figure 2D) levels
in Dreissena polymorpha tissues showed no significant
differences between all treatments (p>0.05) with respect to the
control at either exposure times (14 and 28 days).The increase
in LPO observed after 28 days was not correlated with DNA
strand breaks(r = 0.2, p>0.05) (table 3) suggesting that LPO
increase did not affect the DNA repair process and that La is
not genotoxic. Our results, showed also that after both times of
exposure, no significant variations in GST activity were observed
at concentrations up to250 µg/L with respect to the control
(p>0.05). However, a significant decrease in GST activity (Figure
2C) was observed at 1250 µg/L after14 days but not after 28 days
of exposure. A correlation analysis revealed that GST activity after
28 days was correlated to DNA strand breaks (r = 0.4, p< 0.05)
and MT level (r=0.54, p<0.05) (table 3), but no correlation was
found after 14 days of exposure (table 2). The citrate synthase
activity (Figure 2E) showed a significant increase with the lowest
concentration of Lain respect to the control group (p<0.05), after
both times of exposure. In contrast, no significant differences
were evidenced with the two highest concentrations tested but
a trend to decrease could be noticed after 28 days of treatment.

Discussion

The toxicological understanding of REEs in the aquatic
environment is very limited but of increasing concern. There
are several potential mechanisms by which the REEs may exert
toxicity on aquatic organisms; however the exact mode of action
remains unknown. In order to elucidate the mechanism of action
of La, we have determined its bioavailability in water and mussel
tissues and examined the oxidative stress and antioxidant/
detoxifying systems status in zebra mussel after chronic exposure.
This study revealed that the amount of La markedly increased
in zebra mussel tissues. This finding was in accordance with
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B

A

Figure 1: Evaluation of the air time survival (A) and weigh loss of mussels (B) after treatment with La and exposure to air for 7 days. The
air-time survival represents the number of days required to die as evidenced by constant shell opening. Data represent the mean with the standard
error (n=8). Pvalues were determined by ANOVA followed by a Fisher LSD post-hoc test to identify significant differences between La treatments
and control (* p <0.05,** p <0.01).

A

B

C

D

E

Figure 2: Biomarkers in zebra mussel tissue exposed for 14 and 28 days to different concentrations of LaCl3. Lipid peroxidation amount
(LPO: A), DNA strand breaks level (B), glutathione S-transferase activity (GST: C), metallothionein level (MT: D) and citrate synthase activity (E).
Data represent the mean with the standard error (n=8). The asterisks indicate a significant difference from the controls (*p<0.05; **p<0.01, ANOVA
followed by a Fisher LSD post-hoc test)..
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Table 2: Pearson correlations calculated between biomarkers analyzed
after 14 days of exposure (LPO = lipid peroxidation, APA= DNA strand
breaks, GST = glutathione S-transferase, MT = metallothioneins, CS =
citrate synthase) and La bioaccumulation (Bio) data.
LPO

LPO

APA
Bio
GST
MT
CS
Weight loss

1

0.20

APA
1

-0.27

0.32

0.06

0.24

0.31

-0.16
0.22

Bio

1

0.05

-0.17

0.02

-0.01

0.08

GST

1

-0.12

-1.80

-0.28

-0.02

-1.93

MT

1

0.09
0.09

CS

1
0

Weight loss

1

Table 3: Pearson correlations calculated between biomarkers analyzed
after 28 days of exposure (LPO = lipid peroxidation, APA= DNA strand
breaks, GST = glutathione S-transferase, MT = metallothioneins, CS
= citrate synthase) and La bioaccumulation (Bio) data. The asterisks
represent a significant difference (*p<0.05; **p <0.01).
LPO

LPO
APA
Bio
GST
MT
CS

1

0.18

-0.26

APA

1

0.16

0.02

0.40*

0.04

0.09

-0.23

Weight loss -0.15

Bio

1

GST

0.25

1

-0.10

0.17

0.24

-0.16 0.54**

0.02

-0.16

0.05

MT

1

0.22
0.24

CS

1

-0.10

Weight
loss

1

previous field study showing a higher bioaccumulation of La in
these aquatic organisms [42]. However, the BAF value (32,000 L/
Kg) reported by these authors was greater than that calculated in
the current study. This could be explained by differences in the
exposure method which may greatly affects the concentration
and the bioavailability of La. Moreover, our results showed that
BAFs decreased with increased concentration of La and no further
accumulation of La was found in mussel exposed to 250µg/L for
28 days compared to those treated with the same dose for 14 days.
This may be due to the maintenance of regulatory mechanisms
that limit their accumulation (e.g., excretory pathways and/or
uptake limitation) [43].
According to biomarkers responses, no tissue damage was
observed after 14 days of exposure to La as revealed by LPO
levels. However, at the end of 28 days of exposure, this element
induced significant increase of LPO suggesting the involvement of
the reactive oxygen species (ROS) in the mechanism of La toxicity.
Our finding was consistent with previous studies showing that
LaCl3 exposure promoted ROS production in the mouse lung
[44] and in the brains of the mice [45], which in turn resulted
in peroxidation of lipids. However, this also was in agreement
with studies indicating that LaCl3 plays a protective role by
inhibiting H2O2 induced elevation in ROS level in rat calcifying
vascular cells [46]. Thus, it appears that La may have two kinds
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of action, an antioxidant and a prooxidant effect depending on
the concentration and the duration of exposure. Paiva et al.
(2009) indicated that pretreatment of Jurkat cells with Trolox,
a known free radical scavenger, leads to a significant decrease of
DNA damages in cells incubated with La (NO3)3. Therefore, they
suggested that oxidative stress may be involved in the genotoxic
process induced by La. However, no genotoxic effect of La could
be evidenced in our work after both times of exposure. This was
in agreement with studies performed by [47], showing that RE
ions at concentration of 1000 µM did not induce genotoxicity. ROS
scavenging by LaCl3 observed after 14 days could in turn explain
the absence of DNA strand breaks. Indeed, low concentrations of
antioxidants drive ROS levels to an optimal “physiological range”,
which reduces oxidative stress induced DNA damage without
impairing the DNA repair system [48].

An antioxidant effect played by cerium was also reported in
the literature and authors suggested that this lanthanide could
scavenge ROS and act as a catalyst miming and improving the
activity of SOD and catalase [49, 50]. The role of La in suppressing
H2O2’s effects might be played through calcium signaling as it
acts as a Ca2+ antagonist [51] and a calcium channel blocker [46].
Indeed, lanthanides can compete with Ca2+ in ion and channel
binding sites due to their similar properties to Ca2+, since both ions
have similar ionic radii but not the same charge. The involvement
of calcium in the mechanism of action of LaCl3 is controversial
because other studies indicated that lanthanides bound to
Ca2+ binding proteins decrease the Ca content into the cell and
generate an excess of extracellular calcium, leading to oxidative
stress production [3, 45]. It was also reported that blocking of
intracellular Ca2+ influx by GdCl3 induced suppression of GST
gene expression [52]. Pre- and post-treatment of freshwater
catfish exposed to fluoride with ascorbic acid, which exhibit
good antioxidant and free-radical scavenging activities, lead to
the decrease of LPO and GST level in the liver and ovary tissues
[53]. Thus, the decreased GST activity observed with the highest
dose could be explained by gene down regulation resulting from
decreased H2O2 contents and the imbalance of calcium level
in mussel’s tissue. Taken together, it is possible that oxidative
stress is mediated by calcium in zebra mussels which is calcium
sensitive species for growth and shell generation.
It is well known that MT induction is enhanced by an increase
in the availability of divalent essential metals (Cu and Zn) and
non-essential metals (Cd, Ag and Hg). In the present study, La
bioaccumulation in the tissue of zebra mussel did not trigger
MT induction which suggests that La remains trivalent or is
strongly bound to other sites. This result is not consistent with
those obtained for Tetrahymena thermophila cells showing that
La induced the expression of MT [54]. MT induction was also
reported by Kobayashi et al. [55] after administration of cerium
chloride to mice. In those studies analysis of MT induction was
performed under short exposure times to lanthanides. Amirad et
al [56]. Indicated that the time periods of contamination affect
the induction of MT and Barka et al. [57] confirmed that in the
copepod T. brevicornis, cadmium induced MT on the first day of
exposure, but not in the following days. Thus, it is possible that
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MT induction occurred after short time of exposure to La but it
did not play a main role in the detoxification or homeostasis of
this trivalent metal after chronic exposure.

CS activity is one of the key regulatory enzymes in the
tricarboxylic acid (TCA) cycle [58] and it was extensively used
as a metabolic marker in assessing oxidative, mitochondrial
abundance and respiratory capacity [59]. Our results showed that
low concentration of La enhanced citrate synthase activity which
indicated that this lanthanide increase the TCA cycle. A recent
study showed that lead exposure caused a substantial increase in
the ADP/ATP ratio in the hippocampus of rats and this change is
restored by CeO2 and or Y2O3 [60]. They suggested that increase
of ATP can be through decrease of oxidative stress and thereby
improvement of mitochondrial function and respiratory chain.
However, previous studies have indicated that decreases in the
activities of CS induced oxidative stress [61, 62]. Those findings
are in accordance with our results because with the highest
concentration, citrate synthase activity tends to decrease at the
end of exposure time. The depletion of citrate synthase activity
could be explained by the formation of a complex with certain
carboxylic acids as suggested for Gd3+ [63].

Our results showed that mussel exposed to prolonged periods
to air did not show significant decrease in air-time survival and
mussel weight in groups exposed to air after treatment with La
compared to a control group. Exposure of freshwater mussels
to prolonged periods of air leads to important physiological
changes in the attempt to survive outside of water [64]. During
this period, mussels expend metabolic energy under low oxygen
tension, leading to increased anaerobic metabolism and loss of
energy reserves [64]. Occurrence of anaerobic glycolysis was also
reported when bivalves are exposed to environment pollutant.
It was indicted that phoxim poisoning was reduced in larvae
of B. mori via deriving some energy from anaerobic glycolysis.
However, added CeCl3 lead to decreased phoxim toxicity by
improving TCA cycle, meeting the required energy demands
and therefore increase survival rate of larvae under phoxim
toxicity [65]. Thus, we suggested that LaCl3 may contribute to the
resistance of mussel to air exposure by suppressing anaerobic
metabolism and improving TCA cycle which lead to increasing
energy supply and survival rate.

Conclusion

Investigations on the bioaccumulation and biochemical
effects of lanthanides can be of particular interest to elucidate
their effects on aquatic organisms. Data showed that La
concentration markedly increased in mussel tissues. However,
no further accumulation of La was detected after 28 days of
exposure, suggesting the existence of regulatory mechanism that
limits its accumulation. Based on the multi biomarker approach,
the presence of La in the environment does not seem to present
a risk to aquatic ecosystems except at some hotspots or for peak
concentrations. Indeed, no strong adverse effects of La were
observed after 14 days of exposure as it acts as an antioxidant.
By contrast, a prooxidant effect was evidenced after 28 days
in mussels exposed to the highest concentration. However,
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this study was conducted under controlled condition and the
possibility of cumulative effects in more complex environmental
conditions could not be excluded. Therefore, this work confirms
the relevance of studying the effect of this lanthanide under
chronic exposure but complementary studies should be
performed under different scenarios to estimate potential future
risks in a long term perspective. Investigations of the different
pathways involved in the mechanism of action of this lanthanide,
particularly those related to calcium are required for better
understanding of its effects. Furthermore, co-exposure with prooxidant substances should be conducted to confirm the potential
antioxidant properties of this lanthanide observed after 14 days.
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