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Abstract

Rare earth elements (REE), such as gadolinium (Gd) and erbium (Er), are increasingly recog-
nised as emerging environmental contaminants due to their widespread use in industrial
processes, electronics, and medical imaging applications. Despite their extensive presence
in aquatic ecosystems, little is known about their developmental toxicity. In this study,
Xenopus laevis embryos were exposed to environmentally relevant concentrations of Gd and
Er during critical early developmental stages. The assessed endpoints included survival,
malformations, growth (body length), and heart rate. Both Gd and Er caused significant
sublethal effects, including increased axial malformations, reduced growth, and altered
cardiac activity. To explore potential mechanisms of toxicity, the expression patterns of key
developmental genes (fgf8, bmp4, sox9, egr2, rax1, pax6) and pro-inflammatory cytokines
(tnfα, il1β, p65) were analysed using Real-Time PCR. The results showed dysregulation
of gene expression, indicating disruption to pathways involved in morphogenesis and
neurodevelopment. Elevated reactive oxygen species levels suggested that oxidative stress
was a contributing factor. Raman spectroscopy confirmed biochemical changes affecting
proteins, lipids, and nucleic acids, providing evidence of cellular stress and metabolic
imbalance. Overall, our findings demonstrate that even low-level exposure to Gd and Er
can impair amphibian embryonic development and disturb molecular homeostasis. These
results emphasise the ecological risks of REE pollution and highlight the importance of
ongoing environmental monitoring and long-term toxicological research.

Keywords: REEs; embryonic development; oxidative stress; gene expression; Raman
spectroscopy

1. Introduction
Rare earth elements (REEs) include 15 lanthanides, scandium, and yttrium [1]. Clas-

sified as either light or heavy [2], they exhibit distinctive magnetic, luminescent, and
electrochemical properties [3], enabling a wide range of high-tech applications, including
in electronics, renewable energy technologies, and industrial processes [4]. REEs have also
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found applications as tracers in fields such as agriculture, geochemistry, and environmental
chemistry [5,6].

As the global demand for advanced technologies increased, REEs became increasingly
important to emerging sectors [7], raising concerns about the environmental risks associated
with their release into natural ecosystems [8–10].

In aquatic systems, sediments are a primary reservoir for REEs, allowing these el-
ements to persist and potentially bioaccumulate within the food web [11]. Significant
ecological and health risks to humans, plants, and aquatic organisms have been demon-
strated [12]. Nevertheless, few studies have addressed long-term toxicity, particularly in
freshwater animals [13].

Among the lanthanides, gadolinium (Gd) has become a notable aquatic pollutant,
mainly due to its widespread use in medical diagnostics as a contrast agent [14] and its
growing application in industrial and domestic sectors [15]. Elevated Gd levels, up to
80 µg/L, have been recorded near sewage treatment plants [6] and in other environmental
matrices, since traditional purification methods only remove around 10% of Gd from
wastewater [16]. Similarly, significant erbium (Er) contamination has been detected in
water [17].

REEs exposure causes oxidative stress and widespread cell damage [18,19], and dis-
rupts mitosis [20,21]. Based on this evidence, the study aimed to evaluate the effects of Gd
and Er exposure on a rapidly dividing model: the Xenopus laevis embryo. This species is a
well-established model in ecotoxicology due to the transparency of its embryos and their
biological relevance to vertebrates, including humans [22].

The investigation employed the standard Frog Embryo Teratogenesis Assay-Xenopus
(FETAX) test, focusing on key endpoints such as survival, malformations, growth, and
heart rate. To clarify the molecular mechanisms behind developmental disruption, the
expression of the early embryonic developmental genes fgf8, bmp4, sox9, egr2, rax1, and pax6
was analysed. The potential immunological and detoxification responses to exposure were
also assessed by measuring the expression of pro-inflammatory cytokines (tnfα, il1β, and
p65) and detoxification-related genes (abcb1). Raman spectroscopy identified compositional
differences, while quantification of reactive oxygen species (ROS) was used to assess
the oxidative state. Combining morphological, molecular, and biochemical analyses will
provide a thorough understanding of how these two REEs impact early development at
both phenotypic and molecular levels. Exposure at environmentally relevant levels will
yield valuable insights into their potential ecotoxicological effects.

2. Results
2.1. Effects of Er and Gd on Embryo Survival and Growth

Following treatment, there was no significant increase in mortality compared to the
control group. Gd treatment resulted in a peak mortality rate of just over 20%, with no
clear dose-dependent trend. In controls, the maximum rate was 13% (Figure 1A). After
Er treatment, the mortality rate was about 13% in the control and all treated groups
(Figure 1D). The two treatments exhibited distinct effects on heart rate. Gd induced a
significant, dose-dependent tachycardia (Figure 1B), whereas the Er caused dose-dependent
bradycardia (Figure 1E). The treatments also had opposite effects on embryonic growth. Gd-
treated embryos were significantly longer than the controls (Figure 1C), whereas Er-treated
embryos were smaller, but only at the two highest doses (Figure 1F).
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Figure 1. Mortality (%), heart rate (beats/min) and growth retardation in Xenopus laevis embryos
exposed to gadolinium (Gd) (A–C) or erbium (Er) (D–F) (n = 3 replicate experiments; 90 em-
bryos/treatment). Different letters (a–c) indicate statistically significant differences among groups
(p < 0.05; One-way ANOVA). Groups sharing the same letter are not significantly different.

2.2. Effects of Gd and Er on Embryo Phenotype

Both treatments resulted in a low malformation rate. Gd exposure led to a slight
increase in phenotypic anomalies, which reached a peak of 8.4%, with no clear dose-
dependent pattern (Table 1). By contrast, Er caused a dose-dependent increase in the mal-
formation rate, reaching statistical significance at concentrations of 10 µg/L and 20 µg/L,
with rates of 7.9% and 11.5%, respectively (Table 1). The types of anomalies were similar
across both treatments but were not correlated with dose. These mainly included head and
abdominal oedema, head deformities (sometimes heart-shaped), trunk bending, variations
in eye size and shape (appearing either enlarged or reduced) and altered pigmentation
distribution (Figure 2).

Table 1. Effects of Gadolinium and Erbium on Xenopus laevis embryo.

Gadolinium
Control 40 µg/L 60 µg/L 80 µg/L

Embryos (n) 90 90 90 90
Dead embryos (n) 13 19 20 18

Living embryos (n) 77 71 70 72
Mortality (%) 14.4 21.1 22.2 20

Malformation (n, %) 2 (2.6) 6 (8.4) a 6 (8.4) a 6 (8.2) a

Erbium
Control 1 µg/L 10 µg/L 20 µg/L

Embryos (n) 90 90 90 90
Dead embryos (n) 13 13 11 13

Living embryos (n) 77 77 79 77
Mortality (%) 14.4 14.4 12.2 14.4

Malformation (n, %) 1 (1.2) 4 (5.2) 7 (8.86) a 10 (13) b,c

Mortality and malformation rates were analysed using the Chi-square (χ2) test. Asterisks indicate significant
differences compared with the control group (a p < 0.05; b p < 0.01; Chi-square (χ2) test for trend c p < 0.001).
Values are expressed as the number of embryos (n) and the percentage (%).
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Figure 2. Representative images of morphological alterations observed in Xenopus laevis embryos
exposed to gadolinium (Gd) (C–G) or erbium (Er) (D–H) relative to control embryos (A,B). Thin
arrow: head deformities; arrow: altered pigmentation; thick arrow: oedema; dotted arrow: trunk
bending; asterisk: gut abnormalities; bent arrow: eye deformities.

2.3. Effects of Gadolinium and Erbium on Gene Expression

The gene expression analysis focused on key genes involved in early embryonic
development and inflammatory responses. Concerning Gd, all genes related to early
embryonic development were dysregulated, with no discernible dose-dependent trend.
Specifically, egr2, and rax1 were strongly upregulated, while fgf8, sox9, and pax6 were
downregulated; bmp4 showed both upregulation (40 and 60 µg/L) and downregulation
(80 µg/L) (Figure 3A). Gd caused a widespread and significant increase in the expression
of inflammation-related genes. For the abcb1 gene, the upregulation was dose-dependent
(Figure 3B).

After exposure to Er, the situation was different: egr2 and rax1 were upregulated at
concentrations of 1 µg/L and 10 µg/L, while pax6 was only upregulated at the highest
concentration. bmp4 was upregulated at 10 µg/L and significantly downregulated at
20 µg/L (Figure 3C). Similarly, Er treatment caused a general and significant upregulation
of inflammation-related genes and abcb1 (Figure 3D).

A summary of the statistical values for both Gd and Er effects is provided in
Supplementary Tables S1 and S2.
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Figure 3. Real-Time PCR of Xenopus laevis embryos exposed to gadolinium (Gd) and erbium (Er).
(A,C) Regulatory genes of early embryonic development. (B,D) Genes involved in inflammatory
responses and multidrug resistance. Two-Way ANOVA with the Bonferroni post hoc test. Data are
expressed as mean ± SD; different letters (a–d) indicate statistically significant differences among
groups (p < 0.05). Groups sharing the same letter are not significantly different.

2.4. ROS Content Determination

Total reactive oxygen species (ROS) increased significantly following exposure to
both Gd (Figure 4A) and Er (Figure 4B). Specifically, for Gd, the increase was not dose-
dependent, showing no proportional rise at higher concentrations. In contrast, treatment
with Er showed an opposite pattern: ROS levels increased progressively with concentration,
reaching the highest values at the highest tested dose although the increase was not strictly
linear across all concentrations.

Figure 4. Effect of Gd (A) and Er (B) on ROS production in Xenopus laevis embryos. Data, expressed as
the Relative Fluorescent Units (RFU) per microgram of protein, are means ± SDs of two independent
measures. n = 3. Different letters (a–c) indicate statistically significant differences among groups
(p < 0.05; One-way ANOVA). Groups sharing the same letter are not significantly different.

2.5. Raman Spectroscopy

As a preliminary step, Raman spectra of the control samples were acquired
in the 500–1700 cm−1 range (Figure 5). The mean spectrum revealed characteristic
bands attributable to proteins (Amide I at ~1640 cm−1, Amide II at ~1550 cm−1,
Amide III at ~1300 cm−1), amino acids (e.g., phenylalanine at ~1001/1031 cm−1, tyrosine
at ~830/850 cm−1, tryptophan at ~1340/1360 cm−1), lipids/phospholipids (~930, 1087,
and 1400 cm−1), and nucleic acids (~780 and 1050 cm−1). To assess the chemical differences
among the embryo extracts, 100 spectra were collected per sample and analysed using Prin-
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cipal Component Analysis (PCA). In Gd-treated samples (Figure 6a), PCA revealed a clear
separation along PC1, with the treated samples showing lower scores. The corresponding
loading plot showed reduced intensity of the lipid/protein-associated band at ~930 cm−1

and of the lipid band at ~1400 cm−1, suggesting a treatment-related degradation of lipid
structures. Similarly, Er-treated samples (Figure 6b) showed differentiation based on PC1.
Samples with higher Er concentrations clustered in the negative PC1 region, whereas con-
trols and those with lower concentrations clustered in the positive PC1 region. Loadings
revealed positive lipid-associated features at ~930 and 1400 cm−1, supporting the occur-
rence of lipid peroxidation. Additional changes included a broad peak around ~1650 cm−1

(potential protein denaturation), negative contributions at ~1080 cm−1 (DNA/RNA and
phospholipids), and a positive signal at ~1320 cm−1, which also indicates biochemical
perturbations following Er exposure.

Figure 5. Mean spectrum (average of 10 signals) corresponding to the control sample. Labels indicate
the main band assignment.

Figure 6. Outcomes of PCA performed on treated samples. Score plot (a) and PC1 loading
plot (b) obtained for Gd-treated samples. Score plot (c) and PC1 loading plot (d) obtained for Er-
treated samples.

3. Discussion
REEs are rare in Earth’s crust, and organisms have no protection against increases

in their concentration caused by anthropogenic activities. Particular threats are posed
to amphibians living in freshwater environments, which are, on average, highly pol-
luted. They are highly vulnerable because they are exposed to deposition and have no
protection beyond a jelly coat. Early exposure is associated with disturbances in the ex-
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pression of master developmental genes that set the body plan and position, and regulate
tissue differentiation.

Results obtained in this study indicate that neither Gd nor Er at the tested environmen-
tal concentrations increased mortality. In both cases, percentages remained close to or below
the accepted 12%, which is considered physiological in FETAX tests [23,24]. The moderate
increase observed after Gd exposure may be explained by the inhibition of esterase-β
activity, as was reported in Chironomid larvae, leading to alterations in detoxification and
metabolic processing pathways [25]. In any case, it must be noted that the analysis ended
at stage 45/46; therefore, it can be assumed that mortality increased in later stages, as
suggested by the several anatomical and physiological defects observed in the embryos.

The first evidence of stress is the dose-dependent change in heart rate. Interestingly, Gd
and Er produced opposite effects: Gd induced tachycardia, whereas Er caused bradycardia.
The depressant effect of Er has already been reported in mammals [26], whereas for Gd,
both no effect [27] and increased heart rate [28] have been reported. Lanthanides have
complex effects on cardiac Na channels. Gd, for example, inhibits Na currents but can
also exert opposite, paradoxical effects [29]. In addition, if interference is exerted during
organogenesis, it may cause significant impairments in adults. Consequences for ion
channel function [30], including stretch-activated ion channels [31], have been reported.

The mechanisms underlying the observed heart responses may also include differences
in the onset of sympathetic and parasympathetic cardiac tones [26] and effects on the
central nervous system [32]. Not to be neglected is the correlation between oedema and
rate anomalies. Malfunction of cardiac mechanosensors [33] is associated with cardiac
dysfunction [34] and developmental defects [35]. In our model, the observed dysregulation
of bmp4 suggests an improper heart tube looping [36].

Heart rate and embryo lengthening are generally positively correlated, although this
relationship may vary with developmental stage and metabolism [37]. In our Xenopus
embryos, Gd promoted cell proliferation [38], resulting in increased length and heart
rate. Conversely, Er, which has no significant proliferative effects [39], primarily acts as a
pro-apoptotic factor [40,41], thereby decreasing heart rate and slowing growth.

REE-induced stress is also evidenced by increased ROS production. A pronounced
dose dependence is observed after Er exposure, but higher prooxidant effects are observed
with Gd. Raman spectroscopy confirms the evidence by clearly distinguishing controls
from all exposed embryos. Marked prooxidant activity of Gd and Er has been demonstrated
in many aquatic organisms [9,19,39]. For both REEs, increased ROS and NO production
were reported, along with significant lipid peroxidation.

As expected, the increase in ROS is accompanied by a parallel increase in the malforma-
tion rate [42–44]. Teratogenicity of both Er and Gd has been associated with dysregulation
of mitosis [18] and apoptosis [40], as well as with the onset of mitotic aberrations [39].
The rates increase in a dose-dependent manner in embryos exposed to Er, in line with the
dose-dependent increase in ROS. In contrast, in embryos exposed to Gd, though peroxi-
dation was consistent, malformation rates remained low at all concentrations. At present,
it is unclear why. Gd is generally considered more toxic than Er [45], and the observed
downregulation of fgf8 and slight upregulation of the abcb1 cassette in treated embryos
suggest significantly impaired survival.

Regarding the type of malformation, the ones that are commonly reported in Xenopus
laevis following exposure to various environmental contaminants [42,46,47] were observed.
They can all be explained by the changes in expression of early developmental genes.

A common defect observed is gut malrotation. By disrupting cell rearrangement,
differentiation, and proliferation, the two REEs caused insufficient gut lengthening, thereby
reorienting intestinal rotation [48]. This alteration is typically accompanied by varying
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degrees of mucosal damage; therefore, the interference of the two REEs in reserve resorption
should be evaluated. Instead, no interference with food resorption is expected since
embryos at stage 45/46 do not feed. However, later interferences cannot be excluded.

Another common alteration observed is oedema. This primary sign of inflammation is
associated with heart defects [49], which, in Xenopus embryos, are confirmed by dysregula-
tion of the bmp4 gene [36]. The upregulation of il1β and tnfα genes confirms the presence of
an inflammatory response [41].

As expected, the embryos reacted to the REE insult by activating protective mecha-
nisms. In addition to activating an antioxidant defence [19], the embryos overexpressed
abcb1, a multixenobiotic resistance transporter, thereby protecting developing embryos
from a plethora of toxicants, including tattoo ink [50], benzodiazepines [42], and microplas-
tics [46], to name a few. Similarly, abcb1 activation occurs in zebrafish [51] or in sea
urchin [52] embryos. Expression would begin at the morula stage [53], thereby providing
an efficient protective mechanism during the activation of the master developmental gene.
Exposed embryos also overexpress p65, a key subunit of the NF-κB transcription factor
complex that activates target genes involved in axial patterning [54]. This dysregulation
may explain the developmental defects observed [55], and, by triggering inflammation,
the marked increase in il1β [56]. The upregulation of both p65 and abcb1 is particularly
pronounced in Er-treated embryos, supporting previous studies indicating that Er is less
toxic than Gd [45].

4. Materials and Methods
4.1. Animals Maintenance

Adult Xenopus laevis specimens, sourced from Nasco (Fort Atkinson, WI, USA), were
maintained at the University of Naples Federico II in accordance with institutional and
international animal welfare guidelines, including the NIH Guide for the Care and Use of
Laboratory Animals and Italian (DL 116/92) and European regulations. Procedures min-
imised suffering and adhered to ministerial authorisation (Permit Number: 2013/0032839).
Females and males were injected with 300 and 150 units of Gonase (IBSA Srl, Lodi, Italy),
respectively, diluted in amphibian Ringer solution, to induce ovulation and spermatogene-
sis [46]. Fertilised eggs and embryos were obtained via in vivo insemination methods and
staged according to Nieuwkoop and Faber [57].

4.2. Experimental Design: Exposure to Er and Gd

A total of three in vivo fertilisations were conducted using three different adult Xenopus
laevis pairs for both the Gd and Er treatments. For the FETAX assay, embryos were exposed
at the 4/8-cell stage in FETAX medium (106 mM NaCl, 11 mM NaHCO3, 4 mM KCl, 1 mM
CaCl2, 4 mM CaSO4, and 3 mM MgSO4; 23), mimicking natural conditions [22,42,58].

At each fertilisation, 240 normally cleaved embryos were selected. These were placed
in groups of 10, in triplicate, in 10-cm glass Petri dishes with 50 mL of FETAX (control) or
solutions of Er (1, 10, and 20 µg/L) or Gd (40, 60, and 80 µg/L). Embryos were maintained
until stages 45/46, with dead specimens removed daily. The experiments were carried
out at 21 ◦C under a 12-h light/dark cycle, with daily pH checks (pH 7.4). Each test was
repeated three times for the control and different compound concentration groups.

4.3. Heartbeat Rate Determination and Phenotype Analysis

The analyses were conducted at stage 45/46 (5 days post fertilisation). A total of 15 em-
bryos from each treatment were randomly selected and placed under a stereomicroscope
equipped with a video camera. Heart rate was determined from videos by counting the
number of beats in three series of 30-s examinations carried out at 1-min intervals [42].
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To determine the embryo’s length and possible phenotypic alterations, the embryos
were anaesthetised in FETAX medium containing 100 mg/L MS-222 (SIGMA) and placed
under an MZ16F UV stereomicroscope equipped with a Leica DFC 300Fx camera (Leica,
Wetzlar, Germany). Length was determined with an eyepiece micrometre. Pictures taken
both ventrally and dorsally were used to document the type and extent of the malformations.
After analysis, they were processed for microscopy.

4.4. Real-Time PCR

To extract the total RNA, 15 embryos were selected from each treatment, and the
Direct-zol RNA Mini Prep kit (ZymoResearch, Irvine, CA, USA) was used. RNA quality
was assessed by measuring the 260/280 ratio spectrophotometrically. RNA was used for
cDNA synthesis with the SuperScript Vilo cDNA Synthesis Kit (Life Technologies, Waltham,
MA, USA). For each gene of interest, specific primer pairs were used [41] and tested in
samples using PCR. Real-time PCR was performed with Power SYBR Green Master Mix
(Life Technologies) using a 96-well optical reaction plate in a 20 µL total reaction volume.
Reactions were conducted on an AriaMx Real-time PCR System. For relative transcript
quantification, samples were normalised to ornithine decarboxylase (odc), a housekeeping
control gene that was used to account for possible differences in the quantity and quality of
the cDNAs used in the experiments. The magnitude of change in gene expression relative
to the control was determined using the 2−∆∆Ct method of Livak and Schmittgen [59].

4.5. Redox State Analysis

ROS production was assessed by measuring the conversion of 2′,7′-dichlorodihydrofluorescin
diacetate (DCFH-DA) into the fluorescent compound dichlorofluorescein (DCF) through
ROS-mediated processes [42]. Briefly, homogenates (25 µg of protein) from 15 randomly
selected embryos per treatment were combined with 200 µL of a 0.1 M monobasic phosphate
buffer at pH 7.4 containing 10 µM DCFH-DA. After a 15-min incubation, 100 µM FeCl3 was
added, and the mixture was incubated for a further 30 min. The conversion of DCFH-DA
into the fluorescent product DCF was measured using excitation and emission wavelengths
of 485 nm and 530 nm, respectively. To assess background levels, the conversion of DCFH
to DCF was also measured in the absence of homogenate. The results are expressed as
Relative Fluorescent Units (RFU) per microgram of protein (µg protein−1).

4.6. Principal Component Analysis of Raman Spectra

Raman analysis of treated and untreated samples (15 randomly selected em-
bryos/treatment) was performed using Principal Component Analysis (PCA), a well-
known multivariate statistical tool for analysing multidimensional datasets. In this experi-
ment, Raman spectra were pre-treated using a custom-made routine developed to eliminate
spurious contributions from cosmic rays and to subtract a fourth-order polynomial back-
ground [60].

4.7. Statistical Analysis

Data were processed with GraphPad-Prism 8 software (GraphPad Software, Inc.,
San Diego, CA, USA). Survival distributions were assessed for significance using the
Mantel–Cox test. To evaluate differences in heart rate, length, and oxidative stress, data
were analysed using One-Way ANOVA followed by Tukey’s post hoc test for multiple
comparisons among groups. Real-Time PCR data were analysed using Two-Way ANOVA
followed by Bonferroni post hoc correction to account for multiple comparisons between
factors. Data were expressed as mean ± SD; probability was considered statistically
significant at p < 0.05.

https://doi.org/10.3390/ijms27072920

https://doi.org/10.3390/ijms27072920


Int. J. Mol. Sci. 2026, 27, 2920 10 of 13

5. Conclusions
In conclusion, both Gd and Er are teratogenic to Xenopus laevis embryos. However, Er

induces more severe dysregulation of genes involved in development, detoxification, and
inflammation, resulting in a higher incidence of malformations. Both REEs are confirmed
as hazardous environmental contaminants, and their discharge into surface waters should
be better controlled.
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