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Rare earth elements (REEs), including gadolinium (Gd), are increasingly released into the environment because
of their widespread use in medical imaging, electronics, and renewable energy technologies. Despite growing
concerns over their accumulation in soil ecosystems, the effects of Gd on terrestrial organisms are poorly un-
derstood. To address this gap, we evaluated the toxic effects of Gd on the soil organism Lumbricus terrestris at both
the adult and juvenile stages. Adult earthworms were exposed for 28 days to 1 mg/kg or 10 mg/kg Gd to assess
both acute and sublethal effects, including cellular and oxidative stress, neurotoxicity, growth and reproductive
performance. The offspring were exposed to 1 mg/kg of Gd for 28 days, followed by an additional 28 days of
exposure to 5 mg/kg, and the same sublethal parameters were assessed. The results revealed a low accumulation
of Gd in adults and a lack of acute and sublethal effects in Gd-treated worms, except for an increase in lysosomal
membrane destabilization. Juveniles were more susceptible, showing increased growth and glycogen content.
Upon exposure to Gd, catalase activity was inhibited, whereas acetylcholinesterase activity increased. The effects
on glycogen and catalase were exacerbated in juveniles exposed to relatively high Gd concentrations. Overall, the
results indicate that L. terrestris is susceptible to Gd exposure, highlighting the need for further research on its

long-term effects.

1. Introduction

Rare earth elements (REEs) consist of 15 lanthanides belonging to
group III B of the periodic table (Hoshino et al., 2016). They are widely
used across multiple applications, including agriculture, medicine,
automotive manufacturing, and metallurgy. They are also essential in
advanced electronics and optical devices, such as hard disk drives,
display screens, and camera lenses, as well as in renewable energy
technologies, including batteries, magnets for hybrid vehicles, and wind
turbines (Arciszewska et al., 2022). The growing demand for REEs
inevitably leads to their widespread release in the environment, where
their concentration is expected to increase (Lima and Ottosen, 2021).
Rare earth elements can reach the soil environment through different
routes: the deposition of industrial atmospheric emissions, mining pro-
cesses, solid and electronic wastes, recycling plants, road runoff, the
spread of fertilizers and irrigation with contaminated wastewaters
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(Gwenzi et al., 2018; Lima and Ottosen, 2021). Moreover, these ele-
ments can migrate through the soil and surface waters, expanding to
other areas far from their primary inputs (Aubert et al., 2002).

Among REEs, gadolinium (Gd) has various applications such as in
control rods for nuclear energy plants and to make garnets for micro-
waves. Gadolinium is used mainly in contrast agents for clinical imag-
ing. After being injected into the bloodstream in Gd-based
pharmaceuticals, Gd is excreted mainly through the urine. It can reach
the aquatic environment directly (Kulaksiz and Bau, 2007), almost un-
altered, because biological wastewater treatment plants are unable to
remove it from the final effluent (Kiimmerer and Helmers, 2000).
Moreover, no ad hoc collection systems for Gd-based contrast agents are
currently available in hospitals (Kiimmerer and Helmers, 2000).

Currently, Gd can be detected in surface waters from Europe and
North America at concentrations as high as hundreds of ng/L (Rogowska
etal., 2018). Increasing levels of Gd have also been recorded in drinking
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water (Briinjes and Hoffman, 2020; Wysocka et al., 2023).

The levels of Gd measured in soil and sediment in different areas of
the world range from 0.71 mg/kg to 16.8 mg/kg, as shown in Table S1,
whereas levels up to 42.1 mg/kg have been detected in abandoned
mines (Brouziotis et al., 2024). Few studies have shown that Gd can
affect the growth of plant species (Tai et al., 2010; Liu et al., 2021). Its
accumulation in plants can reach levels <2 pg/kg dry weight, but in the
case of lichens, its concentration can increase to 500 pg/kg dry weight
(Emsley, 2011). In summary, the effects of Gd on the soil ecosystem are
largely unexplored. Conversely, the toxicity of Gd to several aquatic taxa
has been investigated (Tai et al., 2010; Gonzalez et al., 2015; Martino
et al., 2017; Hanana et al., 2017; Henriques et al., 2019; Trapasso et al.,
2021; Cunha et al., 2022; Cesarini et al., 2024; Piarulli et al., 2024), as
summarized in Albarano et al. (2025). Furthermore, to date, most of the
research conducted on REEs has focused on the short-term effects of
these contaminants, whereas the impacts on different life stages and on
parameters such as growth and reproduction are understudied (Egler
et al., 2022).

To fill this knowledge gap, it is of primary importance to acquire
information on the bioavailability and bioaccumulation of Gd in
terrestrial organisms as well as on its potential acute and sublethal ef-
fects. Therefore, this study aimed to evaluate the bioaccumulation of Gd
and its effects on Lumbricus terrestris (Linnaeus, 1758). Given their role
as ecosystem engineers, earthworms are keystone organisms in terres-
trial ecosystems because they contribute to several soil processes, such
as soil formation, litter decomposition, nutrient cycling and soil pore
creation (Blouin et al., 2013). They also provide valuable ecosystem
services, such as waste recycling, water regulation and pollution control
(Keith and Robinson, 2012). Lumbricus terrestris is widely used in eco-
toxicological studies to test the effects of different types of environ-
mental pollutants (Huerta Lwanga et al., 2016; Srut et al., 2017;
Puddepatt et al., 2022; Montalvao et al., 2024). In particular, this species
is prone to accumulate metals and metalloids and is susceptible to their
toxic effects (Léveque et al., 2013).

The hypotheses beyond this study were as follows: i) adults of
L. terrestris accumulate Gd and are susceptible to adverse effects; ii) ju-
veniles of L. terrestris are more susceptible to the toxicity of Gd; iii)
acclimatization to Gd might occur in juveniles; and iv) the effects in
juveniles can be recovered once Gd is removed from the soil. To answer
these questions, both adults and juveniles were exposed to environ-
mental concentrations of Gd (Fig. S1). Mortality, reproduction and
different sublethal effects were evaluated by means of the application of
a biomarker suite related to cytotoxicity, metabolism, oxidative stress
and damage, neurotoxicity and reproductive performance.

2. Materials and methods
2.1. Earthworm rearing and in vivo exposures

The adult specimens of L. terrestris were provided from a laboratory
culture reared at the Helmotz Zentrum Miinken. Organisms were kept in
stable temperature conditions (21 + 1 °C), pH (6.5-7.0) and humidity
(about 40%), inside a compost bin. They were provided with food and
water supplies weekly.

Adult earthworms of at least 3 months old, presenting the clitellum
and a wet mass between 250 and 600, mg were used. Before the start of
the experiment, the earthworms were placed inside a tank with stan-
dardized soil (LUFA SP2.2 Speyer Germany) for one week ensuring
acclimation. After this period, organisms were distributed in different
tanks and exposed to the following condition for 28 days: control
(CTRL), Gd1 (1 mg/kg of Gd) and Gd10 (10 mg/kg Gd) being repre-
sentative of real soil scenarios. The gadolinium standard (GdzO3 99.95
% purity) was purchased via Scharlab (Italy). The experimental condi-
tions were in accordance with OECD protocol 222 (OECD, 2016). Three
replicates for each treatment were used containing 6 animals each. As
shown in Fig. S1, in the first experiment, the organisms were exposed to
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1 mg/kg. Animals were weighed every 7 days. At the end of 28 days
(t28), the earthworms were collected, weighed and observed under an
optical microscope and subsequently kept for 24 h, to purge their in-
testinal contents. During the purging phase, coprolites were collected to
measure any Gd loss via casts. After the depuration phase, organisms
were snap frozen in liquid nitrogen and kept at —80 °C for subsequent
biomarker analysis. In addition, after the first 28 days the eggs were left
in the tanks lasting the exposure for another 28 days. Juveniles were
recovered heating the tank up to 60 °C according to the OECD 222
protocol, counted and weighted. Subsequently, the offspring was
divided into two equal sub-groups, one aliquot from each tank was
frozen for further biomarker analysis, as done for adults, while another
aliquot was divided into four groups: C-C, C-Gd, Gd-C and Gd-Gd (where
C stands for control and Gd stands for Gd at 5 mg/kg, and the code
before - indicates the origin, while the one after indicates the destina-
tion). This phase lasted 28 days.

A second experiment was carried out exposing worms to 10 mg/kg,
considered a worst-case environmental scenario, representative of
mining areas. Worms were kept for 28 days in the same conditions
described above. At the end of day 28, the earthworms were processed as
already described and both organisms and coprolites were collected.
Experiments considering Gd1 and Gd10 were carried out in series.

At time zero (tO, start of the experiment) and t28, an aliquot of soil
(50 g) was collected from each tank and stored at —20 °C for Gd
chemical determination. At the end of day 28, six adults from each
treatment were also collected and stored at —20 °C for Gd
bioaccumulation.

2.2. Cytotoxicity

The coelomic fluid of 3 organisms for each treatment was collected in
LBSS (Lumbricus Balanced Salt Solution pH 7.3) from each treatment
and the Neutral Red retention time test (NRRT) was conducted following
the Lowe et al. (1995) method. The slides were observed at 30 min in-
tervals, until 50% of hemocytes are destabilized, or upon reaching 120
min.

2.3. Biochemical markers

An aliquot (about 0.5 g) of post-clitellar portion was collected from
each earthworm and homogenized in 100 mM potassium phosphate
buffer (added with KCI 100 mM, EDTA 1 mM, dithiothreitol 1 mM and
protease inhibitors 1:100 v/v, pH 7.4). Samples were homogenized
using the QIAGEN® TissueLyser II, through three cycles of 30 s and with
a maximum frequency of 30/s. Then, the samples were centrifuged for
20 min at 4 °C at 15,000g. The following biochemical biomarkers were
analyzed on the supernatant: protein and glycogen (GLY) content,
content of reactive oxygen species (ROS), activity of the antioxidant
enzymes catalase (CAT) and superoxide dismutase (SOD), activity of
detoxifying enzyme glutathione-S-transferases (GSTs) and acetylcho-
linesterase activity (AChE). The analysis was carried out on 6 individuals
for each treatment. Juveniles were analyzed in a pool (N = 6 pool for
each treatment). Due to the small biological sample obtained, only the
following measurements were carried out: GLY, ROS, CAT, GSTs and
AChE.

All parameters were measured in triplicate and data were normalized
to the protein content. The total protein content of each sample was
measured using the Bradford (1976) assay. The protein concentration
was quantified, using a calibration line of bovine serum albumin (BSA)
(5-40 pg/mL; r% > 0.98). For the analysis of GLY content, the protocol of
Dubois et al. (1956) was followed. Absorbance was measured at 492 nm
by Ensight™ plate reader. For the final quantification a glucose standard
curve (0-5 mg/mL) was used. Data were expressed as mg GLY x g fresh
weight L. The ROS level was calculated using
dichlorofluorescein-diacetate as a fluorescent substrate (DCFH-DA). The
fluorescence was measured at Aexy = 485 nm and Aey, = 530 nm. ROS
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concentration was expressed as fluorescent units (FU) mg protein’l. The
SOD activity was calculated following the method of Magni et al. (2018).
The activity was expressed in SOD unit (U SOD) x mg protein~!. One U
SOD is the amount of enzyme needed to inhibit the rate of reduction of
cytochrome by 50 %. The activity of the CAT enzyme was analyzed
monitoring the decrease in HyO» at A = 240 nm. The activities were
expressed as: mmol x min~! x mg protein’l. GSTs activity was quanti-
fied following Habig et al. (1974) protocol. The activity was expressed as
mmol min~! x mg proteins .

The analysis of AChE activity was carried out following the protocol
developed by Ellman et al. (1961) using DTNB (5 mM) and acethyltio-
coline (1 mM) as substrates. The absorbance was read at A = 412 nm.
Data were expressed as nmol min~! x mg prot L.

The content of lipid peroxidation (LPO) was measured only in adults,
according to the method described by Nigro et al. (2021). LPO content
was determined by mixing Trichloroacetic acid (TCA), 20 % (w/v) and
2-thiobarbituric acid (TBA) 0.5 % (w/v). Absorbance was measured at A
= 535 nm and LPO levels were expressed in nmol x g fresh weight 1.

2.4. Chemical determination of Gd

Gadolinium concentrations were measured using inductively-
coupled plasma mass spectrometry (ICP-MS, Aurora M90, Bruker Dal-
tonics Inc. Nitric acid (HNO3) at 69 % v/v, classified as Ultratrace@ ppb-
trace analysis grade, was supplied by Scharlau (Barcelona, Spain). For
ICP-MS analysis, all samples were prepared in a 2% v/v HNOs solution
and the analysis was conducted in Normal Sensitivity mode. Calibration
curves for Gd determination spanned from 0.5 to 1000 pg/L and were
freshly prepared before analysis using standard solutions. The internal

standard used for both the calibration curve and sample analysis was
115
In.

2.5. Statistical analyses

Data are expressed as mean =+ standard deviation (SD). The statisti-
cal analysis was carried out using the GraphPad Prism 8.0.2 program. An
unpaired t-test was applied to biological parameters and Gd levels to
verify the presence of statistically significant differences between the
control and the 1 mg/kg treatment both in adults and in juvenile spec-
imens and between control and the 10 mg/kg treatment. The two-way
ANOVA statistical test was used for growth and NNRT, setting time
and treatment as factors, followed by Tukey’s post-hoc test. Finally, the
one-way test ANOVA, was used for juvenile earthworms exposed to 5
mg/kg, taking treatment as a factor. The results were considered sta-
tistically significant if they had a p-value <0.05.
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3. Results
3.1. Effects on adults

The onset of mortality in adult organisms exposed to 1 or 10 mg/kg
Gd did not occur throughout the entire duration of the test. The
microscopic examination revealed no morphological alterations in the
exposed organisms. At both concentrations tested, the weights of the
treated organisms did not significantly change compared with those of
the controls (Fig. 1).

The onset of lysosomal membrane destabilization was observed in
the haemocytes of organisms exposed to Gd for 28 days (Fig. 2).
Compared with those in control organisms, a significant increase in the
percentage of destabilized cells was observed at 30, 90 and 120 min in
organisms exposed to Gd (treatment p < 0.0001, Fy 24 = 170.1; time p <
0.0001, F3 4 = 88.03; interaction p < 0.0001, Fg 24 = 10.05). Further-
more, treatment with 10 mg/kg Gd resulted in 50% cell destabilization
at 90 min.

The measurements of biochemical biomarkers related to oxidative
stress/damage, detoxification, metabolic conditions and neurotoxicity
are shown in Table 1. The results did not show any modulation in the
earthworms exposed to either tested concentration of Gd with respect to
the controls.

With respect to reproduction performance, the number of juveniles
was 188 =+ 35 individuals in the control group and 202 + 14 individuals
in the group exposed to 1 mg/kg Gd. The statistical analysis did not
reveal any significant difference between the different treatments (p =
0.6183). Additionally, all the juveniles were weighed to observe any
differences in reproduction timing and/or growth alterations. However,

80+
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Fig. 2. Percentage of destabilized hemocytes in earthworms exposed to Gd.
Values are expressed as mean + SD (N = 3 individuals each treatment).
Different letters indicate a statistically significant difference (p < 0.05).
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Fig. 1. Weight of earthworms exposed to Gd 1 mg/kg (A) and 10 mg/kg (B) during 28 days of experimentation. Values are expressed as mean + SD (N = 18 in-

dividuals each treatment).
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Table 1

Biomarkers in adult worms exposed to Gd 1 mg/kg and Gd 10 mg/kg. Data are
expressed as mean =+ standard deviation (N = 6 individuals each treatment). In
brackets the p value of each endpoint.

CTRL Gd 1 mg/kg CTRL Gd 10 mg/kg

GLY mg g w. 22.89 + 19.23 + 4.07 35.16 + 34.81 + 0.16
w. ! 10.50 (0.4489) 0.32 (0.0603)

ROS AUF mg 2.38E"8 + 2.25E"8 + 5798 + 4708 + 1.24
prof1 8.33E7 5.98 E'7 8.33E7 E"8 (0.3531)

(0.7604)

SOD U mg 231.12 &+ 185.44 + 508.13 &+ 470.11 =
prof1 75.01 94.31 (0.7215) 136.86 78.82 (0.5685)

CAT mmol 0.52 +0.17 0.46 + 0.12 0.43 + 0.36 + 0.24
min~! mg (0.4833) 0.22 (0.6243)
prot’1

LPO MDA mM 18.36 + 14.07 + 4.35 34.98 + 30.12 +9.19
g w.w. -1 8.34 (0.9380) 14.28 (0.5283)

GSTs mmol 1.32 £0.35 1.32 £0.35 0.58 &+ 0.55 £ 0.21
min~? mg (0.4689) 0.22 (0.5606)
prot !

AChE pmol 2.56 + 2.55 +0.59 3.08 &+ 3.92 +£0.92
min~? mg 0.938 (0.9894) 1.51 (0.1774)
prot !

the analysis of the results did not reveal statistically significant differ-
ences between the weights of the control (2.258 + 0.311 g) and 1 mg/kg
Gd (2.454 + 0.280 g) (p = 0.4644) groups.
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3.2. Effects on juveniles

Owing to the small size of juveniles, analyses of NRRT and of SOD
and LPO were not carried out. The measurement of GLY content
revealed a significant increase in organisms exposed to Gd (p = 0.0004)
(Fig. 3 Table S2). With respect to the oxidative stress parameters, no
statistically significant differences were observed in the ROS content
between the controls and the organisms exposed to 1 mg/kg Gd (p =
0.1011). Similarly, GST activity was not significantly modulated in
response to exposure to Gd (p = 0.5209). Conversely, CAT activity was
significantly lower in individuals exposed to Gd than in controls (p =
0.0011). The analysis of the AChE enzyme revealed a statistically sig-
nificant increase in juveniles exposed to Gd compared with the controls
(p = 0.0133) (Fig. 3, Table S2).

3.3. Effects of increasing Gd concentration in juveniles

A survival rate higher than 93% was observed in all the treatments.
Furthermore, the weights of the treated organisms were significantly
modified (treatment p < 0.0001, F3 400 = 82.77; time p < 0.0001, F4 49
= 296.6; interaction p < 0.0001, F12 40 = 7.396) (Fig. 4). Specifically, on
Day 7 (t7) and Day 14 (t14), the C-Gd group was significantly different
from the other groups, whereas at t14, the C-C group was significantly
different from the Gd-Gd group. On Day 21, however, the experimental
groups were all significantly different from each other, and finally, at the
end of the exposure, the C-C and C-Gd groups were significantly
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Fig. 3. Biochemical parameters in juvenile earthworms exposed to Gd. Values are expressed as mean + SD (N = 6 replicates each treatment). Asterisk indicates
significant difference with respect to control (*p < 0.05, **p < 0.001, ***p < 0.0001).
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Fig. 4. Weight of juvenile earthworms exposed for 28 days to 5 mg/kg of Gd or
reference soil. Values are expressed as mean + SD (N = 3 replicates each
treatment). Different letters indicate significant differences among groups (p
< 0.05).
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different from the Gd-C and Gd-Gd groups.

In terms of biochemical biomarkers, the GLY content significantly
differed among the different treatments (p < 0.0001, F319 = 25.53).
Specifically, an increase was observed in all the organisms exposed to Gd
(C-Gd, Gd-C, and Gd-Gd) compared with the controls (C-C) (Fig. 5,
Table S3).

With respect to the oxidative stress parameters (Fig. 5, Table S3), no
significant differences in the content of ROS were observed among the
treatments (p = 0.0802, F3 19 = 2.625). However, the activities of the
CAT and GST enzymes were significantly altered in response to the
different treatments (p = 0.0031, F3 19 = 6.594 for CAT; p < 0.0001,
F320 = 28.64 for GSTs). Specifically, the CAT activity decreased in the
Gd-Gd group compared with the other treatments, whereas the GST
activity increased in the organisms exposed to Gd (Gd-C and Gd-Gd)
compared with those in the C-C and C-Gd groups; moreover, the activ-
ity in the latter group was significantly greater than that in the C-C
group. With respect to the AChE enzyme, no statistically significant
difference was observed between the various treatments (p = 0.2100,
Fg)zo = 1.649).

CAT GSTs
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Fig. 5. Biochemical parameters juvenile earthworms exposed for 28 days to 5 mg/kg of Gd or reference soil. Values are expressed as mean + SD (N = 5 replicates
each treatment). Different letters indicate significant differences among groups (p < 0.05).
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3.4. Accumulation of Gd

The measurement of the Gd content in the soil revealed the presence
of Gd in the standard soil, ranging from 1.627 + 0.196 mg/kg at t0 to
1.447 + 0.335 mg/kg at t28. The Gd content in the soil spiked with 1
mg/kg Gd was 2.188 + 0.076 mg/kg at t0 and 2.343 + 0.329 mg/kg at
t28, whereas the Gd content in the soil spiked with 10 mg/kg Gd was
10.212 +0.073 at t0 and 10.777 + 0.032 at t28, confirming the stability
of Gd content in the soil during the experiment.

A significantly greater content of Gd was measured in the earth-
worms exposed to both concentrations than in the control earthworms
(p = 0.0015 for 1 mg/kg Gd and p < 0.001 for 10 mg/kg Gd) (Fig. 6).
Similarly, a higher Gd content was observed in coprolites from the
treated groups than in those from the control groups (p = 0.031 for 1
mg/kg Gd and p = 0.0068 for 10 mg/kg Gd) (Fig. 6). Additionally, the
data indicate that Gd levels in coprolites are higher than those in tissues.

4. Discussion

Currently, there is still very limited knowledge about the potential
impact of Gd on soil environments, which is restricted to two main
scenarios: mine tailings and mine wastewater reuse in situ and ex situ and
the reuse of biosolids in agriculture. Unfortunately, none of these sce-
narios have been clearly investigated from an analytical viewpoint.
Moreover, the available information concerning the toxicity to terres-
trial organisms is not sufficient to assess the environmental risk of this
element to the soil ecosystem. Therefore, this study aimed to fill a
knowledge gap by evaluating the bioaccumulation of Gd in earthworms
and studying its acute and sublethal effects, as well as its impacts on
reproduction, providing the first results concerning the effects of Gd not
only on adult individuals but also on juveniles of L. terrestris.

Data obtained from adults revealed the limited toxicity of this
element, even at 10 mg/kg. The only parameter that was significantly
modulated compared with the controls was the NRRT. The interaction of
Gd with lysosomes has already been observed in the freshwater bivalve
Corbicula fluminea (Lachaux et al., 2023). This result aligns with the
evidence of previous studies showing that earthworm exposure to metals
can induce lysosomal destabilization (Maboeta et al., 2002; Boughattas
et al.,, 2016), which could predict effects at higher biological levels
(Moore et al., 2006). Nonetheless, exposure to Gd did not affect worm
growth or reproduction.

With respect to oxidative stress, Xia et al. (2011) demonstrated the
ability of Gd to promote neurotoxicity through oxidative stress in vitro.
In line with this finding, in the marine mussel Mytilus galloprovincialis,

*%
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Fig. 6. Gd content in earthworms and coprolites. Values are expressed as mean
+ SD (N = 3 replicates each treatment). Asterisk indicates significant difference
with respect to control (*p < 0.05, **p < 0.001, ***p < 0.0001).
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the induction of antioxidant enzymes was observed (Henriques et al.,
2019; Trapasso et al., 2021). In contrast, in our study, Gd did not induce
oxidative stress in adults, which was also reflected in the absence of
oxidative damage (LPO). The induction of oxidative stress is a known
effect triggered by metals, and several studies have shown the modu-
lation of biomarkers related to oxidative stress and oxidative damage in
earthworms exposed to metals (Wang et al., 2018; Mkhinini et al., 2019;
Yan et al., 2021; Li et al., 2020; Hattab et al., 2023; Yadav et al., 2023
and citations therein). The inconsistencies found compared with previ-
ous studies could be attributed to various reasons. First, most of the
studies tested mixtures of metals or provided concentrations of metals
higher than those in the present research. Another explanation could be
that the susceptibility of earthworms to metal toxicity is species-specific
and dependent on the eco-physiology of the species (Fourie et al., 2007;
Suthar et al., 2008). Finally, the difference could be attributed to the
toxicokinetic properties of Gd. Further studies focused on Gd uptake and
disposition in L. terrestris compared with other biological models are
necessary to confirm the last hypothesis.

The mild toxicity observed could be related to the low accumulation
of Gd in worms because its dose is not sufficient to induce relevant
biological effects at both the biochemical and organismal levels.
Chemical analyses, in fact, have shown that most of the Gd is excreted in
casts. However, chemical analyses revealed the presence of Gd in LUFA
2.2 soil. Similarly, Bastos et al. (2014) reported that LUFA 2.2 can
contain traces of priority metals, including cadmium (Cd), cobalt (Co),
chromium (Cr), copper (Cu), manganese (Mn), zinc (Zn), nickel (Ni),
lead (Pb), arsenic (As) and mercury (Hg). This may have reduced the
biological effects related to exposure to 1 mg/kg Gd.

The results concerning Gd levels in organisms and coprolites showed
that earthworms can modify the distribution of Gd in the soil, potentially
affecting its availability for other organisms, as already suggested for
other metals (Ruiz et al., 2011).

Unlike what was observed for adults, the biomarkers analyzed in
juveniles highlighted some significant alterations between exposed or-
ganisms and controls. These results confirmed that the early stages of
development are more sensitive to contaminants than adults are (Balbi
et al., 2016; Capolupo et al., 2018). In particular, GLY was significantly
greater in the organisms exposed to Gd than in the controls. The allo-
cation of energy reserves can have significant effects on the health and
survival of organisms (Cunha et al., 2022), whereas energy-related pa-
rameters can be used to assess the energy costs involved in the stress
response (Smolders et al., 2004). A possible explanation for the
increased growth of earthworms exposed to Gd could be related to the
energy trade-off (Garland et al., 2022) when energy is devoted to growth
if it is sufficient for sexual maturation (Aira et al., 2007). Similar
resource allocation strategies were observed in an experiment con-
ducted on the earthworm Eisenia andrei, reared in artificial soil under
environmental stress (exposed to different pH, temperature and hu-
midity regimes), which preferentially maintained growth, resulting in
the production of fewer eggs (Van Gestel et al., 1992). Further experi-
ments aimed at evaluating the attainment of sexual maturity and
reproductive success of offspring are necessary to confirm this
hypothesis.

Concerning the effects on biochemical parameters, the decline in
CAT might be due to oxidative stress pressure, as already postulated for
invertebrate species, including earthworms, exposed to metals
(Saint-Denis et al., 2001; Vlachogianni and Valavanidis, 2007; Regoli
etal., 2011; Ray et al., 2019). Nevertheless, the other biomarkers related
to oxidative stress (ROS and SOD) were unaltered, and no oxidative
damage occurred in the exposed organisms. Some metal ions can inhibit
CAT activity through binding with SH groups (Atli et al., 2006; Regoli
and Giuliani, 2014). Therefore, we hypothesize that CAT, like other
metals, is a target of the toxic action of Gd, even though further in-
vestigations are needed to confirm this hypothesis. Since CAT is a key
enzyme involved in the protective response against oxidative stress, the
inhibition of CAT could increase the susceptibility of organisms to
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further external stress.

The increase in AChE observed in juveniles exposed to Gd contrasts
with other studies reporting the inhibition of AChE activity in adult
earthworms exposed to metals (Mkhinini et al., 2019; Hattab et al.,
2023). The opposite trend observed in juveniles confirms that adults and
juveniles can behave differently in response to pollutants. Several
studies have reported an increase in AChE activity in response to envi-
ronmental contaminants in different species, although there is a gap in
knowledge concerning the mechanism behind this effect. For example,
in the earthworm E. andrei, AChE increased because of the hormetic
effects elicited by temephos and formalin (Hackenberger et al., 2008,
2012). In fish species, an increase in AChE activity was observed in eel
(Electrophorus electricus) exposed to low doses of monoterpenoids. The
authors hypothesized that the activation could be due to a structural
change of AChE towards a more favourable conformation for catalysis in
response to these molecules (Lopez et al., 2015). In Sparus aurata, Cu
induced significant activation of AChE in the brain and white muscle
(Romani et al., 2003). Other studies suggest that the induction of AChE
activity might be explained by the fact that some invertebrates have
several AChE isoforms that play a role in the stress response and
detoxification of xenobiotics (Kang et al., 2011; Kim and Lee, 2018). A
further hypothesis to explain the AChE increase is linked to potential
overproduction of the neurotransmitter acetylcholine, a substrate of the
acetylcholinesterase enzyme. In mammalian models, this neurotrans-
mitter is induced under stress conditions, but the synthesis mechanisms
in invertebrates are not known (Horiuchi et al., 2003). Given the central
role of AChE in neurotransmission, further studies are warranted to
identify the potential mechanism determining the induction of AChE in
response to Gd.

The further exposure of juveniles to increasing concentrations of Gd
revealed that individuals reared in Gd-contaminated soil grew more
than juveniles kept in reference soil. Moreover, the GLY content
increased in the same individuals. These observations are consistent
with the increase in GLY observed in juveniles treated with 1 mg/kg Gd,
confirming that this element can affect the allocation of energy reserves
in juveniles.

For the biochemical markers, a decrease in CAT activity was
observed in the Gd-Gd group, whereas the ROS content was not affected,
as observed in the organisms treated with 1 mg/kg Gd. This result seems
to support the hypothesis of a specific interaction between CAT and Gd.
A similar result was reported by Srut et al. (2017) in L. terrestris exposed
to Cd. Specifically, in earthworms pre-exposed to Cd and further
exposed to a relatively high concentration of the metal (corresponding
to Gd-Gd), the CAT activity was significantly reduced. The authors re-
ported that the decrease in CAT activity was accompanied by an increase
in the expression of the metallothionein gene, which could act as a
radical scavenger. Conversely, the individuals transferred from
Gd-spiked soil to uncontaminated soil (Gd-C) presented CAT activities
similar to those of the control. This trend suggested a transient effect on
CAT activity that could be recovered once Gd was removed from the soil.

The GSTs were significantly different between the treatments: the
earthworms pre-exposed to Gd (Gd-Gd and Gd-C) presented higher
values of GSTs than did those from the control soil. In addition, organ-
isms that were exposed to Gd for 28 days (C-Gd) presented higher values
than did the control. This result aligns with those of previous studies
showing the protective role of GSTs against metals in earthworms
(Mkhinini et al., 2019; Hattab et al., 2023). Moreover, an increase in
GST activity has already been observed in aquatic species exposed to Gd
(Perrat et al., 2017; Henriques et al., 2019), supporting the hypothesis
that these enzymes are involved in the detoxification mechanisms
induced by worms to counteract the effects of Gd.

Finally, no statistically significant difference was observed in AChE
activity, suggesting that the effect observed in juveniles exposed to Gd
for 28 days was not exacerbated by a further increase in the concen-
tration of the contaminant.

This evidence suggested that Gd is able to modify the oxidative status
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of earthworms, even though it is not possible to provide a mechanism-
based understanding of the observed effects, and further research is
needed to identify the mechanism of action of this potential contami-
nant, both in adults and in juveniles.

5. Conclusions

The present study provides new information on the effects of Gd on
key species in the soil ecosystem. Results indicated that Gd has a cyto-
toxic effect on adult earthworms; however, this effect is not reflected in
an increase in oxidative stress or oxidative damage. Furthermore, no
effect on reproduction was observed. This is probably because Gd tends
to bioaccumulate in small quantities in tissues, considering the high Gd
content measured in coprolites. However, Gd affected the offspring,
resulting in an increase in GLY content, a reduction in CAT enzyme
activity, and an increase in AChE enzyme activity. In addition, by further
increasing the concentration of Gd, some of these effects were exacer-
bated. Our results highlight that the presence of Gd in soils could
compromise the functionality of the soil ecosystem because of the
fundamental role played by this earthworm species. Therefore, more
studies that focus on the effects related to long-term exposure scenarios
are necessary to understand the vulnerability of soil ecosystems to Gd
and other REEs.
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