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ABSTRACT

Cumulative and continuing human emissions of greenhouse gases to the atmosphere are causing ocean warming.
Rising temperature is a major threat to aquatic organisms and may affect physiological responses, such as acid-
base balance, often compromising species fitness and survival. It is also expected that warming may influence the
availability and toxicological effects of pollutants, including Rare Earth Elements. These are contaminants of
environmental emerging concern with great economic interest. This group comprises yttrium, scandium and
lanthanides, being Lanthanum (La) one of the most common. The European eel (Anguilla anguilla) is critically
endangered and constitutes a delicacy in South East Asia and Europe, being subject to an increasing demand on a
global scale. Considering the vulnerability of early life stages to contaminants, we exposed glass eels to 1.5 pg L™
of La for five days, plus five days of depuration, under a present-day temperature and warming scenarios (AT =
+4 °C). The aim of this study was to assess the bioaccumulation, elimination and specific biochemical enzymatic
endpoints in glass eels (Anguilla anguilla) tissues, under warming and La. Overall, our results showed that the
accumulation and toxicity of La were enhanced with increasing temperature. The accumulation was higher in the
viscera, followed by the head, and ultimately the body. Elimination was less effective under warming. Exposure
to La did not impact acetylcholinesterase activity. Moreover, lipid peroxidation peaked after five days under the
combined exposure of La and warming. The expression of heat shock proteins was majorly suppressed in glass
eels exposed to La, at both tested temperatures. This result suggests that, when exposed to La, glass eels were
unable to efficiently prevent cellular damage, with a particularly dramatic setup in a near-future scenario.
Further studies are needed towards a better understanding of the effects of lanthanum in a changing world.

1. Introduction

experiencing profound changes associated with absorption of green-
house gases by the ocean, manifested through alterations in tempera-

The latest reports of the Intergovernmental Panel on Climate Change
(IPCC) have been focusing on rising greenhouse gas emissions derived
from human activities that are causing global warming (Aljerf, 2016).
According to the IPCC’s high greenhouse gas emission scenario (RCP8.5)
the global mean surface air temperature may rise up to 4.9 °C for the
period 2081-2100, relative to the recent past (1986-2005) reference
period (IPCC et al, 2019). In parallel, key ocean variables are

ture, pH, dissolved oxygen, among others (Doney et al., 2011; IPCC
et al., 2019). In fact, warming is one of the biggest stressors to aquatic
organisms, having the potential to disturb physiological responses, such
as acid-base balance, which in turn can compromise species fitness and
survival (Pankhurst and Munday, 2011; Portner and Peck, 2010). Under
hostile environments (e.g. thermal stress), to cope with physiological
stress and avoid cellular damage (Lushchak, 2011), aquatic organisms

* Corresponding author. MARE — Marine and Environmental Sciences Centre, Faculdade de Ciéncias da Universidade de Lisboa, Campo Grande, 1749-016, Lisboa,

Portugal.
E-mail address: cafigueiredo@fc.ul.pt (C. Figueiredo).
1 Authors equally contributed to the work.

https://doi.org/10.1016/j.envres.2020.110051

Received 29 May 2020; Received in revised form 19 July 2020; Accepted 5 August 2020

Available online 17 August 2020
0013-9351/© 2020 Elsevier Inc. All rights reserved.


mailto:cafigueiredo@fc.ul.pt
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2020.110051
https://doi.org/10.1016/j.envres.2020.110051
https://doi.org/10.1016/j.envres.2020.110051
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2020.110051&domain=pdf

C. Figueiredo et al.

hold protective mechanisms and antioxidant defenses to counteract the
overproduction of reactive oxygen species (ROS). Among the most
frequent physiological strategies are protein repair and removal mech-
anisms, including the synthesis of heat shock proteins (HSPs) (Sgrensen
et al., 2003), which activity is temperature-dependent (Alexandrov,
1969). Another mechanism is lipid peroxidation (LPO) which occurs
when ROS react with lipids (Sachdeva et al., 2014). Warming can also
interfere with acetylcholinesterase (AChE) activity, being able to modify
the levels of the neurotransmitter acetylcholine (Halliwell and Gutter-
idge, 2015), that mediates nervous communication and ensures the
optimal neuronal function. In addition, organisms proteome is respon-
sible for genome repair, replication and expression, however it is ex-
pected that environmental stressors impact, to a certain degree, the DNA
structure, causing DNA damage (Gueranger et al., 2014; Krisko et al.,
2013). Reactive oxygen species can attack either DNA bases or the
deoxyribose backbone, resulting, for example, in the oxidation of gua-
nine in the C8 position that culminates in the easy formation of amongst
studied DNA lesions suspected of mutagenicity - 8-hydrox-
y-2'-deoxyguanosine (8-OHdG). When 8-OHdG residues are present in
DNA, GC to TA transversion occurs unless repaired prior to DNA repli-
cation (Cheng et al., 1992). 8-OHdG is an easier repairable genetic
alteration than irreversible chromosomal damage and has been used as a
biomarker of environmental contamination, particularly in fish from
polluted sites (Oliveira et al., 2010).

Besides temperature, an additional pressure that aquatic organisms
are also dealing is contamination, manifested by the release of anthro-
pogenic pollutants into the ocean as a consequence of increasing
industrialization, technological progress and urbanization (Bukola et al.,
2015). The great concern about contamination of aquatic ecosystems is
reliant on potential interactions that may occur with other stressors,
including temperature, since the availability and toxicological effects of
pollutants may be altered by warming (Marques et al., 2010). Specif-
ically, contaminants of environmental emerging concern have gathered
the attention of the scientific community and regulatory authorities,
since the risks they may pose to human health and biota are still poorly
understood (Herrmann et al., 2016; Pagano et al., 2015). As examples of
these contaminants are the Rare Earth Elements (REEs), in which are
included the lanthanides, yttrium and scandium. Their use is key for
numerous areas such as electronic technology, medical and industrial
products, agriculture and aquaculture, as bactericides or fertilizers
(Wall, 2014). The increasing application of REEs in these technologies
and industries culminates in their transfer to aquatic ecosystems by
means of both wastewater and industrial emission (Kulaksiz and Bau,
2011). Furthermore, an ever-growing modern world demands
state-of-the-art modern electronic devices of daily use, such as smart-
phones, screens and tablets. The constant demand for newer and
updated modern versions of these equipments has led to shorter life-
spans which in turn is fasting the production of alarming quantities of
electronic waste (e-waste) (Needhidasan et al., 2014). The dismantling,
storage and burning of this e-waste may also represent REEs contami-
nation for the aquatic environment (Septilveda et al., 2010; Uchida
etal., 2018). The urgent need for a better understanding of their impacts
is evident when looking to the reviews available on the toxicity of REEs
(e.g. Herrmann et al., 2016 and references herein).

Lanthanum (La) is the second most common REEs (Herrmann et al.,
2016) and is mostly present in the stable oxidation state +3, and due to
their comparable ionic radius, it is known to compete with the ion Ca®*
in organisms. (Qinhai, 1996; Zepf, 2013). This element is commonly
used in many industrial applications (e.g. Rattanaphra et al., 2019),
however very few studies exist on the toxicological effects of La in
aquatic systems (e.g. Cui et al., 2012; Moreira et al., 2020; Pinto et al.,
2019), including a previous one dealing with juvenile stages of the Eu-
ropean eel (Anguilla anguilla) (Figueiredo et al., 2018).

The natural populations of the European eel are critically endan-
gered, according to the International Union for the Conservation of
Nature, facing severe risk of extinction. A wide range of anthropogenic
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pressures are causative of the downfall of juvenile eel recruitment, such
as overexploitation of this food resource, increasing contamination of its
habitat and indirectly habitat loss, cumulative alien parasitoid species
and climate change (Drouineau et al., 2018). The European eel has
remarkable ecological features, typical of a catadromous species,
comprising both oceanic and continental life phases, thus establishing
the link between the open sea and inland rivers and lakes. Adult eels
migrate from inland rivers to the Sargasso Sea to reproduce and die. The
newborn leptocephali larvae migrate for up two years to reach the Eu-
ropean coast. The larvae metamorphose then into glass eels and
continue their journey through estuaries and upriver (Lecomte-Finiger,
1994). Glass eels are a delicacy in South East Asia and Europe (Crook
and Nakamura, 2013), and their market price may reach thousands
euros, being therefore a lucrative resource subject to an increasing de-
mand and illegal trafficking.

Fish early life stages have been recognized as more susceptible to
climate change and pollutants than adult forms, which makes this ju-
venile eel stage even a more interesting model for experimentation, as
demonstrated previously with lanthanum and mercury (e.g. Figueiredo
et al., 2018; Grilo et al., 2015). Accordingly, the chief purpose of the
present study was to assess the bioaccumulation and elimination of
lanthanum-exposed glass eels tissues under present-day temperatures
and warming (AT = +4 °C) scenarios. In order to complement and
understand better the physiological responses derived from La accu-
mulation in eel tissues, specific biomarkers, indicative of cellular dam-
age, will also be determined.

2. Material and methods

2.1. Sampling site

Specimens were captured using hand-held dip nets and stow nets of
0.5-1,0 mm mesh size, in October 2018, in the oligohaline section of the
Mondego River, on the central Atlantic coast of Portugal (SW Europe), in
a sole sampling occasion. Glass eels were immediately transferred to
MARE-FCUL aquaculture facilities and maintained in tanks with
continuously aerated water from the sample location, as in accordance
with Grilo et al. (2015).

2.2. Experimental design

Three hundred and twenty glass eels were randomly distributed in
tanks with continuously aerated dechlorinated tap water filtered
through a 0.45-pm pore size membrane filter. Acclimation under a 12 h
light/12 h dark photoperiod and salinity = 0 (V2 refractometer, TMC
Iberia, Portugal), water temperature = 18 °C + 0.5 °C (TFX 430 Preci-
sion Thermometer, WTW GmbH, Germany) and pH = 7.9 + 0.1 (SG8 e
SevenGo pro™ pH/Ion meter, Mettler-Toledo International Inc.,
Switzerland), representing the natural habitat, lasted two weeks. Glass
eels were measured (6.6 + 0.7 cm) and weighted (0.17 + 0.02 g, wet
weight). In tanks mimicking the warming treatments, the water tem-
perature was raised 1 °C a day, to gradually allow acclimation before the
start of the experiment. After the acclimation, the trial began with the
following treatments: i) Control temperature (18 °C, added La = 0 pg
L’l); ii) exposed at the control temperature (18 °C, added La = 1.5 pg
L’l); iii) warming (22 °C, added La = 0 pg L’l) and iv) exposed at the
warming temperature (22 °C, added La = 1.5 pg L™1). Throughout the
experiment, a pH value of 7.9 + 0.1 and a total water hardness of 105 +
5 mg L~! CaCO3 (moderately hard) were registered. Water temperature
was controlled through submerged heaters (VoTherm 200 W aquarium
heater, TMC Iberia, Portugal), and through seawater chillers (Hailea,
HC-250 A, Guangdong, China) in a water bath containing the experi-
mental tanks. A La solution (LaCls, Merck), prepared in filtered fresh-
water, was added daily in the exposed treatments to warrant the La
exposure. The water of the experimental tanks was completely renewed
daily, at the same time, for the four treatments and the La concentration



C. Figueiredo et al.

re-established with 1.5 pg L™}, in the exposed treatments. The selected
concentration is representative of levels present in polluted aquatic
environments (e.g. Astr(’)m, 2001) and is comparable to other ecotoxi-
cology trials (e.g. Moreira et al., 2020; Pinto et al., 2019). Water aliquots
were sampled after 1 h, 3 h, 6 h, 12 h and 24 h of the first exposure to
measure dissolved La levels. One hour before the water renewal, in-
dividuals were fed ad libitum cod roe, every other day. Glass eels were
sampled after 1 (T1), 3 (T3) and 5 (T5) days of exposure to La. Following
this exposure phase, the freshwater was renewed and the elimination
phase began, which lasted for 5 more days (T10). During this the water
was also completely renewed daily at the same time, for all treatments,
and animals kept being fed ad libitum every other day.

For the La quantification individuals were separated into three body
parts: head, viscera (comprising the internal organs) and skinless body
(the skin layer was removed). For the biomarkers’ quantification in-
dividuals were separated into two body parts: head and remaining body
(containing the internal organs and without the skin layer).

Samples were stored at —80 °C until further analyses.

2.3. Lanthanum quantification

Dissolved La concentrations (ug L™1) were analyzed in filtrated and
acidified (2% ultrapur HNO3) water samples. In glass eels’ tissues, La
was determined in freeze-dried, grounded and homogenized samples (n
=10 per treatment), after digestion with HNO3 (destilled, 65% v/v) and
H0; (suprapur, 30% v/v). Before digestions, labware was decontami-
nated with HNO3 (20%) for two days and rinsed with ultra-pure water
(Milli-Q water - 18.2 MQ). A quadrupole ICP-MS (Thermo Elemental, X-
Series) with a Peltier impact bead spray chamber and a concentric
Meinhard nebulizer was used to determine La concentrations, following
the experimental condition described in Raimundo et al. (2013).

La concentrations in glass eels body parts are presented in nanogram
per gram of tissue dry weight (ng g™, dw).

2.3.1. Quality assurance and control

A nine-point calibration curve was used to quantify La, using a
commercial solution of indium (In) as an internal standard (Merck,
CertiPUR®). Three procedural blanks, prepared using the analytical
procedure, and a quality control solution, used to evaluate the accuracy
of the determinations, were included within each batch of 20 samples.
Blanks accounted for less than 1% of the total La concentration in the
samples.

The international certified reference material BCR 668 (muscle of
Mytilus edulis), was also included within each batch of 20 samples to
assess the accuracy of the analytic method.

2.4. Biomarkers

The heads and the remaining bodies (n = 10 per treatment) of
randomly collected individuals were homogenized (Ultra-Turrax, Stau-
fen, Germany) in 0.5 mL of phosphate buffered saline solution (PBS: 2.7
mM KCl, 0.14 M NaCl, 1.47 mM KHyPOy4, 8.1 mM NayHPO4 and, pH
7.4). Homogenates were centrifuged at 10.000xg for 15 min at 4 °C and
then supernatants were frozen (—80 °C) until further analyses. Each
sample was run in technical replicates (triplicates), and the enzyme
results were normalized to total protein content, as in Bradford (1976).

2.4.1. Neurotoxicity marker - Acetylcholinesterase

Acetylcholinesterase (AChE) activity was determined in the head of
the glass eels according to an adaptation of the Ellman et al. (1961)
method to 96-well microplates, as described by Figueiredo et al. (2018).
For each sample, 25 pL of sample and 250 pL of a mix solution (50 mM of
sodium phosphate, 75 mM acetylthiocholine iodide and 1 mM of 5,
5’-dithio-bis-2-nitrobenzoic acid) were added to a 96-well microplate
(Greiner Bio-one, Austria). The absorbance was read in a microplate
reader at 415 nm (Biotek Synergy HTX multimode reader) every minute
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for 10 min. Acetylcholinesterase measurements were standardized to
total protein concentration (nmol min~! rng_1 total protein).

2.4.2. Oxidative damage markers - DNA damage and lipid peroxidation

DNA damage was measured in the head and remaining body of the
glass eels, with an ELISA method and through quantification of 8-hy-
droxy-2'-deoxyguanosine (8-OHdG), as described in Lopes et al. (2019).
This compound has been widely chosen as a biomarker of environmental
contamination linked with DNA damage and its presence in cells may
lead to mutagenesis and thus play a significant role in disease processes
(Cooke et al., 2003; Oliveira et al., 2010). For our analysis, a total of 100
pL of each sample was added to 96-well microplates (Greiner Bio-one,
Austria) and allowed to incubate overnight at 4 °C. The plates were
then washed three times with PBS-TWEEN 20, and incubated for 90 min
at room temperature with 200 pL of 1% bovine serum albumin (BSA,
NZYTech, 985, Portugal). After another washing procedure, microplates
were incubated overnight with the primary antibody (anti-OHdG, clone
15 A3, Sigma-Aldrich, Germany). Microplates were again washed, and
incubated for 90 min at 37 °C with the secondary antibody (alkaline
phosphatase-conjugated anti-mouse IgG, Fab specific, Sigma-Aldrich,
USA). After a final washing procedure, plates were incubated for 30
min at room temperature with the substrate (SIGMA FASTTM p-Nitro-
phenyl Phosphate Tablets, Sigma-Aldrich, USA). The reaction was
stopped, after 30 min, through the addition of 100 pL of 3 M NaOH. The
absorbance was read at 405 nm using a microplate reader (Biotek Syn-
ergy HTX multi-mode reader).

Lipid peroxidation (LPO) was determined in glass eels’ remaining
body according to the thiobarbituric acid reactive substances (TBARS)
assay (Uchiyama and Mihara, 1978), over the quantification of malon-
dialdehyde (MDA), an end product of lipid damage.

Five pL of each sample, 45 pL of monobasic sodium phosphate buffer
(50 mM), 12.5 pL of sodium dodecyl sulfate (8.1%), 93.5 pL of tri-
chloroacetic acid (20%, pH 3.5), 93.5 pL of thiobarbituric acid (1%), and
50.5 pL of Milli-Q ultrapure water were added to a microtube. Subse-
quently microtubes were placed in boiling water (100 °C) for 10 min.
Then, microtubes were placed on ice until cool and 62.5 pL of Milli-Q
ultrapure water was added. Finally, 150 pL of each sample was added
to 96-well microplates (Greiner Bio-one, Austria), and the absorbance
read at 532 nm (Biotek Synergy HTX multi-mode reader). Malondial-
dehyde (MDA) concentrations were calculated based on a calibration
curve (0-0.3 pM MDA).

2.4.3. Heat shock proteins

Heat Shock Protein 70 (HSP) were quantified in the supernatants of
the homogenate and centrifuged glass eels’ remaining body through
ELISA, as described in Lopes et al. (2018). In sum, 10 pL of sample
diluted in 980 pL PBS was added to 96-well microplate (Microlon 600,
Greiner, Austria) and allowed to incubate overnight at 4 °C. On the next
day, microplates were washed three times with PBS TWEEN-20 (0.05%).
Later, 100 pL of BSA (1% bovine serum albumin, NZYtech, 98%,
Portugal) was added to each well, and microplates incubated for 90 min
at 37 °C. Then, 50 pL of primary antibody 5 pg mL7! of
anti-HSP70/HSC70 in 1% BSA (Acris, USA) was added to each well.
Microplates were once more incubated overnight at 4 °C. After being
washed three times, microplates were allowed to incubate for 90 min at
37 °C with the second antibody [50 pL of 1 pg mL-1; alkaline
phosphatase-conjugated anti-mouse IgG (Fab specific, Sigma-Aldrich,
USA)]. After the last washing procedure, 100 pL of the substrate
(SIGMA FASTTM p-Nitrophenyl Phosphate Tablets, Sigma-Aldrich,
USA) was added to each well and incubated for 30 min at room tem-
perature. Finally, 50 pL of stop solution (3 M NaOH) was added to each
well and the absorbances read at 405 nm (Biotek Synergy HTX
multi-mode reader). HSP content was calculated from the calibration
curve, based on serial dilutions of purified HSP70 active protein
(0-2.000 pg mL~1, OriGene Technology, USA) and data normalized to
sample protein (pg mg~! total protein).
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2.5. Statistical analyses

Normality and equality of variances were tested with Kolmogorov-
Smirnov and Levene’s tests, respectively. Differences between the four
treatments within each sampling time, for lanthanum accumulation and
elimination, AChE activity, DNA damage, LPO (MDA levels) and HSP
were tested via ANOVA followed by Tukey HSD post hoc tests. These
analyses were performed in STATISTICA™ 12 software (Statsoft, Inc.,
Tulsa, OK 74104, USA). A significance level of p < 0.05 was applied.

3. Results

Median La levels (ug L™Y) in the water aliquots sampled after 1, 3, 6,
12 and 24 h of exposure are presented in Supplemental Table 1. Median
concentrations in the first 24 h were 0.034 pg L' in the 18 °C and 0.057
pg L1 in the 22 °C non-spiked tanks. In the spiked tanks, dissolved
median La concentrations were 1.3 and 1.6 pg L ! in the 18 °C and 22 °C
tanks, respectively. Concentrations in spiked tanks varied 6-13% from
the nominal concentrations (1.5 pg L™1).

3.1. Bioaccumulation and elimination

Median and ranges of La concentrations (ng g, dry weight) in the
head, skinless body and viscera are presented in Table 1.

3.1.1. Head

Concentrations of La (ng g}, dry weight) in the glass eels’ heads are
presented in Fig. 1.

After one day of exposure (T1) no significant differences were
observed between the four treatments, yet after three days of exposure
(T3) a significant accumulation occurred in the warming treatment (p =
0.026). This significant difference from their corresponding control was
higher after 5 days of exposure (T5, p = 0.004). Interestingly, the
exposed treatment at 18 °C, although higher was never statistically
different from their control counterpart, even though there was a trend
for La to be accumulated at this temperature. A decrease in La concen-
tration during the elimination phase was observed, nevertheless the
post-exposed eels in warming treatment did not reach lanthanum

Table 1

Median and ranges of La concentration (ng g ', dry weight) of the control,
exposed and post-exposed glass eels’ head, skinless body and viscera at T1, T3,
T5 and T10, at 18 °C and 22 °C. Asterisk indicate the presence of concentrations
below detection limit value (1.4 ng g’l, dw).

Time  Treatment Head Skinless Viscera
body
(ng g~ dry weight)
T1 18 °C control 3.4(0.32-7.9)  0.96 (0.80-1.4) 29 (8.4-39)
18 °C exposed 5.8 (2.1-18) 2.5 (0.74-3.0) 45 (14-91)
22 °C control 12 (6.7-15) 0.61 (0.22-1.3) 8.18
(0.42-29)
22 °C exposed 5.4 (4.1-23) 2.6 (2.0-7.0) 102 (70-144)
T3 18 °C control 8.1 (3.6-9.4) 0.74 (0.22-1.7) 26 (11-51)
18 °C exposed 17 (8.4-22) 4.7 (3.5-6.8) 28 (14-30)
22 °C control 6.7 (5.4-11) 2.2 (0.63-4.0) 20 (18-50)
22 °C exposed 19 (18-23) 4.3 (0.91-8.2) 290
(132-582)
TS5 18 °C control 22 (16-35) 1.4 (0.32-2.7) 39 (18-49)
18 °C exposed 75 (27-123) 2.8 (0.82-6.2) 67 (59-151)
22 °C control 36 (24-47) 3.9 (1.7-5.6) 28 (25-37)
22 °C exposed 141 7.1 (1.6-9.1) 119
(136-163) (109-276)
T10 18 °C control 3.7% 0.84 (0.31-1.1) 37 (19-55)
18 °C post- 8.9 (5.3-16) 1.2 (1.1-2.1) 25 (17-55)
exposed
22 °C control 4.2 (1.2-4.9) 0.72 (0.38-1.0) 34 (20-34)
22 °C post- 62 (45-62) 2.2 (2.1-4.8) 15 (9.1-48)
exposed
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[La] (ngg?, dw)

T1 T3 5 T10

Time (days)

182C Control 182C Exposed === 22°C Control

22°C Exposed

Fig. 1. Concentrations of lanthanum (ng g}, dry weight) of the control, La
exposed and post-exposed glass eels” head at 18 °C and 22 °C in the different
sampling times (T1, T3, T5 and T10). Values represent medians + SE. Different
letters represent significant differences between treatments within each sam-
pling time (p < 0.05).

concentrations similar to the control values (p = 0.022).

3.1.2. Skinless body

At 22 °C there was a constant increase in the concentration of La in
the exposed glass eels’ body (Fig. 2), for the 5 exposure days, although a
statistically significant difference between the exposed and the control
was only observed in T1 (p = 0.007). This concentration decreased
during elimination (T10), however not reaching control values (p =
0.003). At 18 °C, accumulation peaked at T3 (p = 0.02). Interestingly, La
concentration decreased from T3 onwards, in glass eels exposed at 18 °C,
even in a continuously contaminated environment.

3.1.3. Viscera

Concentrations of La (ng g1, dry weight) in the glass eels’ viscera are
presented in Fig. 3.

Accumulation in the exposed eels at the warming treatment was
greater than in the exposed eels at 18 °C, except in T5. During the
exposure phase, at the warming scenario, accumulation in the viscera
occurred in the three sampling periods (p = 0.0001, p = 0.0005, p =
0.004, respectively). There was no statistical difference between the
exposed eels at 18 °C and their control counterpart (p > 0.05) over time.
Lanthanum concentrations in exposed eels’ viscera decreased, at both
temperatures, during the post-exposure period to values comparable to
the controls (p > 0.05).

3.2. Biomarkers
Median and ranges of acetylcholinesterase activity (AChE, nmol

20

[La] (ng g™, dw)
N

0.2

T1 T3 5 T10

Time (days)

18°C Control 182C Exposed = = 22°C Control

229C Exposed

Fig. 2. Concentrations of lanthanum (ng g~', dry weight) of the control, La
exposed and post-exposed glass eels’ skinless body at 18 °C and 22 °C in the
different sampling times (T1, T3, T5 and T10). Values represent medians + SE.
Different letters represent significant differences between treatments within
each sampling time (p < 0.05).
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1000

[La] (ng g, dw)

T1 T3 5 T10

Time (days)

182C Control 189C Exposed === 229C Control

229C Exposed

Fig. 3. Concentrations of lanthanum (ng g~!, dry weight) of the control, La
exposed and post-exposed glass eels’ viscera at 18 °C and 22 °C in the different
sampling times (T1, T3, T5 and T10). Values represent medians + SE. Different
letters represent significant differences between treatments within each sam-
pling time (p < 0.05).

min~! mg~! total protein), DNA damage (determined via the quantifi-
cation of 8-OHAG, abs mg~! protein), lipid peroxidation values (MDA
concentrations, nmol mg’l total protein) and heat shock protein 70 (ug
mg ! protein) in the head and body are presented in Table 2.

3.2.1. Head

3.2.1.1. ACRE. Median values of AChE activity (nmol min~' mg ™! total
protein) in the head are presented in Fig. 4A.

There were no significant differences between the glass eels exposed
to La and those non-exposed, at both temperatures (p > 0.05), during
both exposure (T1, T3, T5) and elimination phase (T10).

3.2.1.2. DNA damage. DNA damage (determined via the quantification
of 8-OHAG, abs mg™! total protein) occurred in the head of glass eels
(Fig. 4B) exposed at 22 °C (p = 0.035), after just one day of exposure
(T1), compared to the equivalent non-exposed La treatment at the same
temperature. At T5, DNA damage peaked in glass eels’ heads exposed at
the warming treatment, but not statistically significantly different from
their control. After the elimination period (T10), DNA Damage, for both
temperatures, did not decrease significantly, still there were differences
between glass eels exposed at 22 °C and their equivalent controls at the
same temperature.

Table 2
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3.2.2. Body

3.2.2.1. LPO. Malondialdehyde (MDA concentrations, nmol mg ! total
protein) medians (Fig. 5A) were lower in the exposed glass eels’ body
than their equivalent controls, for both temperatures (18 °C, p = 0.005
and 22 °C, p = 0.025), after just one day of exposure (T1).

Furthermore, the MDA values increased in the exposed glass eels’
body in the warming scenario, reaching the highest values at T5. The
exposed eels at 18 °C did not follow this trend. After the elimination
period (T10) the MDA values that had peaked at T5 for La exposed eels
in a warming scenario, decreased to values similar to the controls.

3.2.2.2. DNA damage. Median values of DNA damage (determined via
the quantification of 8-OHAG, abs mg ™! total protein) in the body are
presented in Fig. 5B. Lanthanum exposed treatment at 18 °C, at T1,
exhibited lower values than their control counterpart (p = 0.0005).
However, these values increased significantly, reaching a peak at T5 and
being different than their control (p = 0.0002). Regarding glass eels
exposed to a combined scenario of La and warming, it was only at T5,
that values of DNA damage differed, when compared to their control
counterparts (p = 0.009). At T10 values of both exposed 18 °C and 22 °C
matched with controls.

3.2.2.3. HSP. At T1 La exposed eels in a warming scenario showed a
much lower expression of HSP (Fig. 5C), than their control counterparts
(p = 0.004) and persisted fairly stable over time. Values of HSP
decreased substantially in La exposed glass eels at 18 °C at T3 and were
different from their respective control (p = 0.04). By the fifth day of
exposure, the control at the warming scenario presented higher
expression of HSP, than the control at 18 °C (p = 0.002). The five-day
elimination phase was insufficient to restore the expression of HSP,
with post-exposed glass eels at both temperatures, presenting lower
expressions of HSP than their controls (18 °C - p = 0.004 and 22°C-p =
0.0007).

4. Discussion

The input of contaminants to the environment often results in dele-
terious effects on wildlife, and ultimately on human health. Warmer
temperatures impose additional pressure on wildlife, by changing eco-
systems structure (Cheung et al., 2009). Recent research confirmed that
warming significantly decreased glass eels’ survival (Borges et al.,
2019). This reinforces the assumption that the combination of increasing

Median and ranges of acetylcholinesterase activity (AChE, nmol min—' mg ™! total protein), lipid peroxidation values (MDA concentrations, nmol mg ™" total protein),
heat shock proteins (ug mg~" protein) and DNA damage (8-OHdG, abs mg ™! protein) of the control, La exposed and post-exposed glass eels’ head and body at T1, T3,

T5 and T10, at 18 °C and 22 °C.

Head

Body

Time Treatment AChE DNA Damage

LPO DNA Damage HSP

(nmol min~! mg ! total protein)

8-OHdG (abs/mg protein)

(nmol mg ! total protein) 8-OHdG (abs/mg protein) (ng/mg protein)

T1 18 °C control 292 (197-568) 0.054 (0.047-0.069)
18 °C exposed 237 (178-284) 0.072 (0.061-0.088)
22 °C control 287 (212-357) 0.053 (0.041-0.065)
22 °C exposed 168 (144-243) 0.064 (0.051-0.092)
T3 18 °C control 252 (150-286) 0.067 (0.060-0.072)
18 °C exposed 225 (150-352) 0.076 (0.058-0.094)
22 °C control 218 (194-292) 0.069 (0.065-0.078)
22 °C exposed 263 (214-296) 0.077 (0.072-0.084)
T5 18 °C control 231 (168-269) 0.063 (0.054-0.068)
18 °C exposed 265 (164-369) 0.068 (0.066-0.099)
22 °GC control 280 (236-327) 0.063 (0.063-0.064)
22 °C exposed 269 (202-321) 0.081 (0.073-0.098)
T10 18 °C control 234 (159-267) 0.075 (0.066-0.075)

18 °C post-exposed
22 °C control
22 °C post-exposed

227 (200-297)
223 (215-236)
228 (207-337)

0.095 (0.094-0.095)
0.078 (0.072-0.083)
0.083 (0.070-0.093)

0.028 (0.06-0.039)

0.019 (0.010-0.025)
0.017 (0.012-0.024)
0.008 (0.003-0.015)
0.022 (0.011-0.069)
0.013 (0.007-0.025)
0.018 (0.011-0.038)
0.018 (0.011-0.019)
0.028 (0.023-0.041)
0.017 (0.016-0.028)
0.020 (0.012-0.025)
0.049 (0.021-0.097)
0.035 (0.032-0.044)
0.025 (0.022-0.055)
0.018 (0.014-0.022)
0.029 (0.014-0.043)

0.058 (0.051-0.068)
0.046 (0.042-0.059)
0.052 (0.045-0.059)
0.053 (0.050-0.066)
0.054 (0.049-0.059)
0.056 (0.046-0.068)
0.052 (0.044-0.064)
0.058 (0.053-0.069)
0.047 (0.043-0.052)
0.067 (0.060-0.079)
0.048 (0.045-0.054)
0.058 (0.055-0.063)
0.065 (0.050-0.077)
0.061 (0.052-0.066)
0.064 (0.058-0.070)
0.060 (0.054-0.075)

1054 (526-1086)
1045 (317-1385)
1121 (681-1311)
298 (235-888)
821 (747-881)
446 (316-760)
1146 (856-1327)
357 (253-695)
820 (670-876)
414 (204-508)
1239 (1089-1334)
313 (201-695)
943 (730-947)
317 (264-368)
1091 (927-1404)
363 (299-631)
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Fig. 4. A) Acetylcholinesterase activity (AChE, nmol min~! mg~? total protein) and B) DNA damage, determined via the quantification of 8-OHAG (abs mg ™! protein)
of the control, La exposed and post-exposed glass eels’ head at 18 °C and 22 °C in the different sampling times (T1, T3, T5 and T10). Values represent medians + SE.
Different letters represent significant differences between treatments within each sampling time (p < 0.05).

>

0.060

0.050

0.040

0.030

0.020

0.010

LPO (hmol mg™ total protein)

0.000
T1 T3 T5 T10
0.070

0.065

0.060

0.055

0.050

0.045

0.040

8-OHdG (abs mg™ total protein) @

T1 T3

& ]

1500

1300 a 4
a ___..-—"_I- --------- 1’
1100 2 ixk‘ --------- {
a a
900 } a b
700

500 T c

300

HSP (ug mg™! total protein)

100

Tl T3 _ T5 T10
Time (days)

182C Control 182C Exposed === 22°C Control

229C Exposed

Fig. 5. A) Lipid peroxidation values (MDA concentrations, nmol mg~! total
protein), B) DNA damage, determined via the quantification of 8-OHdG (abs
mg ! protein) and C) Heat Shock Protein 70 (ug mg~ protein) of the control,
La exposed and post-exposed glass eels’ body at 18 °C and 22 °C in the different
sampling times (T1, T3, T5 and T10). Values represent medians + SE. Different
letters represent significant differences between treatments within each sam-
pling time (p < 0.05).

loads of contaminants into the environment and warming would play a
major role on A. anguilla fitness and, ultimately, survival. Overall, our
results showed that in a warming scenario accumulation and toxic ef-
fects of lanthanum are enhanced. To ensure that age-dependent differ-
ences of the organisms wouldn’t influence the La accumulation, glass
eels used in this study were in the same pigmentation stage to secure
ontogeny similarity. Water pH and temperature are pointed has abiotic

factors that influence La availability (Herrmann et al., 2016). Hence, pH
was kept stable (7.9 + 0.1) at a level known to have 90% of La as a
trivalent ion (Bouyer et al., 2006) that can compete with Ca?* for bio-
logical binding sites, and affect La toxicity (Barry and Meehan, 2000;
Evans, 1983). Although water hardness can also influence this element
availability (reviewed in Herrmann et al., 2016), it is not clear to
comprehend how, and for that reason, the water hardness was kept as
moderately hard (105 + 5 mg L™ CaCOs) throughout the experiment,
for all four treatments, in order to avoid bias. Here we began to unveil
the influence of temperature in the availability of La. At 18 °C there was
a 24.4% loss of La, after 24 h of exposure, either due to bioaccumulation,
adsorption to particulate matter or glass tank walls. Interestingly, at 22
°C the loss was shortened to 18.3%, after 24 h of exposure. Alterations in
the partitioning between the sediments, water, atmosphere and biota of
toxicants can be caused by climate change (Noyes et al., 2009). The
increased temperature may interfere in air-surface exchange, deposi-
tion, and reaction rates (e.g. photolysis, biodegradation, oxidation in the
air). The obtained results showed that in a warming scenario the
bioavailability of La in water is slightly enhanced. The raised water
temperature may as well alter contaminants to more bioactive metab-
olites, impairing homeostasis (reviewed in Noyes et al., 2009 and
Manciocco et al., 2014).

In glass eels’ heads, bioaccumulation increased consistently during
the exposure period (5 days). At 18 °C post-exposed eels were able to
eliminate La to values as the controls, however at a warming tempera-
ture (22 °C) this elimination was not so effective. To the best of our
knowledge, this is the first study addressing the combined effects of a
climate change variable, specifically thermal stress, and La, therefore
comparison with other data is arduous. Warmer temperatures often
enhance fish metabolism (Anacleto et al., 2018) which can lead to
higher contaminants’ uptake, either due to increased ventilation or
enhanced feeding rates (Maulvault et al., 2016). On another hand,
warmer temperatures may also promote contaminants’ metabolization
and elimination (Serra-Compte et al., 2018). This is in line with our
results, where in a warming condition, a higher accumulation was not
accompanied by an enhanced elimination. The blood-brain barrier can
limit the release of elements into the bloodstream, and thus affect
elimination. Kiyatkin and Sharma (2009) described the permeability of
this barrier as highly dependent on temperature by exposing rats to
different temperatures. To preserve optimal neurotransmission and
other vital functions, low elemental concentrations are usually found in
the head (Mieiro et al., 2011). Interestingly, the skinless body of exposed
glass eels presented globally lower accumulation values of La, than the
head. Although this result is not in line with Figueiredo et al. (2018)
presumably resulted from the higher (one order of magnitude) exposure
concentration in the present experiment. At 18 °C, La concentrations in
exposed glass eels’ skinless body reached a peak at T3 and afterward the
concentrations decreased steadily, even in a continuously exposed
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medium. This interesting and baffling pattern of elimination in a
continuously exposed medium suggest the existence of an unknown
mechanism in glass eels to cope with La contamination. As expected,
bioaccumulation was greater at higher temperatures in the viscera and
this body part presented, globally, the higher accumulation values. This
body part was also able to eliminate La, at both 18 °C and 22 °C, to
non-exposed background values. This elimination ability was expected
as, in fact, the viscera has been described as a primary accumulation and
elimination organ in fish (e.g. Figueiredo et al., 2018; Pereira et al.,
2015; Raimundo et al., 2013).

Aquatic communities can be resilient to environmental changes, such
as thermal stress and increasing loads of pollutants (Snoeijs-Leijonmalm
etal., 2017). However, these buffering capacities are limited and species
can reach endpoints with permanent repercussions. The increased
bio-activation or detoxification caused by warmer temperature will
affect, accordingly, the toxicity of La. Acetylcholinesterase hydrolysis
the neurotransmitter acetylcholine (Colovic et al., 2013) and when this
process is impacted neurotransmission disturbance and stress occurs. In
our previous study, we described a stimulatory AChE activity in exposed
glass eels’ heads, to 120 ng L™! at 18 °C. Interestingly, in the present
study, glass eels’ heads exposed to 1.5 pg L™} La (12,5-fold higher), did
not show similar AChE activity. Agathokleous et al. (2018) and Zhang
et al. (2017), amongst other authors, have described the hormesis effect
of La, in plants. Hormesis is a chemical phenomenon where stimulation
can occur at low doses and inhibition can occur at high doses. Further
dose-dependent effects of La have been demonstrated on the immune
system of mammals. Foreman and Mongar (1973) also stated
dose-dependent effects of La in mammals, high concentrations of La
suppressed histamine secretion in the peritoneal cavity of rats, while
low-dose promoted histamine release. As far as we are aware, the
hormesis effect has not been described for fish, however, La could have
triggered a hormesis response, not interfering with the AChE activity. On
the other hand, DNA damage occurred in exposed glass eels’ heads after
1 day at 18 °C, being therefore caused by La exposure alone, and was
exacerbated by warming. At 22 °C, La non-exposed eel’s heads did not
show DNA damage, dismissing the effect of temperature. The DNA
damage values of the glass eels’ head previously exposed to La, did not
recover during the elimination phase (5 days), at both temperatures.
This highlights the effects of La on the DNA, and the inability of eels to
recover after being exposed to a La-contaminated environment. Overall,
DNA damage values were greater in the head, than in the remaining
body, which denotes the neurotoxic effects of La. The synergetic effect
caused by warming and La accumulation on DNA, can be a result of ROS
interaction with the DNA chain, which in turn can cause base oxidation,
base-pair disparities and breaks, and ultimately trigger mutations with
unknown consequences. This DNA damage can also be caused by protein
damage, as damage in the proteasome is intrinsically related to genome
repair mechanisms (Gueranger et al., 2014; Krisko and Radman, 2013).

Lipid peroxidation is caused by the reaction of ROS with lipids
(Sachdeva et al., 2014). When lipid molecules are broken into LPO
by-products such as malondialdehyde, lipid damage occurs. In exposed
glass eels’ body, LPO values reached a peak after 5 days of exposure to
warming and La contamination. Since they occur in a chain of reaction
manner, this peak suggests that the antioxidant enzymatic activity was
insufficient to cope with both stressors, and was unable to avoid lipid
damage. In fact, previous studies have described an increasing antioxi-
dant enzymatic activity in fish that is still insufficient in avoiding lipid
peroxidation (e.g. Pimentel et al., 2015), in a climate change scenario.
This damage did not occur in the non-exposed glass eels’ body under
warming, nor at La exposed glass eels’ body at 18 °C, suggesting that the
effects of warming and La exposure on LPO are synergetic.

The heat shock response is a set of physiological mechanisms that
aquatic organisms possess to evade deleterious effects caused by envi-
ronmental stressors (Lesser, 2006). This response includes the synthesis
of heat shock proteins that are vital in the stabilization and refolding of
denatured protein (Tomanek, 2010). Increasing temperatures can lead
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to protein unfolding and thus interfere with their function (Dong et al.,
2008). In this scenario HSP’s are triggered. Our results revealed, as ex-
pected, the highest expressions of HSP in the non-exposed glass eel’s
body under warming. Remarkably, the expression of HSP was majorly
suppressed in glass eels exposed to La. One day of exposure to La was
insufficient to cause this inhibition at 18 °C, nonetheless after T3 this
suppression was evident. At 22 °C, where normally HSP’s are triggered,
one day of exposure to La was sufficient to repress these vital proteins.
Wang et al. (2011) exposed hydroponically cultivated Vicia faba seed-
lings to different concentrations of La, and described a hormetic
dose-response, with HSP production enhanced at low doses and sup-
pressed at higher doses. However, the lower dose in this paper (0.25 mg
L™Y) is up to 150 times higher than the concentration used in this study
(1.5 pg L™Y), which could point to a species-specific reaction to La. Our
results suggest that, when exposed to La, glass eels’ will be unable to
stabilize and refold denatured proteins, and prevent cellular damage,
with a particular dramatic setup in a near-future scenario.

Dose responses are vital in toxicology and the assessment of the ef-
fects of La will depend on them. Furthermore, the influence of other
water parameters, such as water hardness and major ions content, in the
La availability and toxicity should also be considered. This is the first
study to unveil the combined effects of warming and La and will set the
baseline on which future studies dealing with this emergent problematic
will build upon. Nevertheless, to better understand the effects of La in a
changing world, the effects of global climate change (i.e. the combined
effect of ocean acidification and warming) on REEs toxicity need to be
scrutinized.

Concomitantly, the empirical data deriving from these studies will be
pivotal for the decision-making process of policy makers (e.g. govern-
ments and environmental agencies) when legislating for these new
emergent pollutants and timely environmental policies.
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