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Abstract: Psychotropic drugs and benzodiazepines are nowadays among the primary substances
of abuse. This results in a large and constant release into aquatic environments where they have
potentially harmful effects on non-target organisms and, eventually, human health. In the last
decades, evidence has been collected on the possible interference of benzodiazepines with repro-
ductive processes, but data are few and incomplete. In this study, the possible negative influence
of delorazepam on fertilization and embryo development has been tested in Paracentrotus lividus,
a key model organism in studies of reproduction and embryonic development. Sperm, eggs, or
fertilized eggs have been exposed to delorazepam at three concentrations: 1 µg/L (environmentally
realistic), 5 µg/L, and 10 µg/L. Results indicate that delorazepam reduces the fertilizing capacity
of male and female gametes and interferes with fertilization and embryo development. Exposure
causes anatomical anomalies in plutei, accelerates/delays development, and alters the presence
and distribution of glycoconjugates such as N-Acetyl-glucosamine, α-linked fucose, and α-linked
mannose in both morulae and plutei. These results should attract attention to the reproductive fitness
of aquatic species exposed to benzodiazepines and pave the way for further investigation of the
effects they may exert on human fertility. The presence of benzodiazepines in the aquatic environment
raises concerns about the reproductive well-being of aquatic species. Additionally, it prompts worries
regarding potential impacts on human fertility due to the excessive use of anxiolytics.

Keywords: fertility rate; gamete quality; pluteus development; lectin staining; gut development

1. Introduction

In recent decades, surface and deep-water pollution has become a problem of great
concern. The presence of contaminants of anthropogenic origin is an issue for aquatic
species but also for humans who use contaminated waters directly for feeding, drinking,
and breeding. For this reason, for over two decades, the presence and effects of Pharmaceu-
tically Active Compounds (PhACs) in aquatic systems have been the subject of increasing
scientific attention [1–4]. They are constantly released into the environment through routine
pharmaceutical use by humans, farms, health facilities, and pharmaceutical industries and
are not efficiently demolished by wastewater treatment plants (WWTPs) [2,4]. In recent
years, and especially after the COVID-19 pandemic, the consumption of psychoactive
pharmaceuticals (PaPs), anxiolytics, and antidepressants has increased worldwide, and so
has the release into the environment [4,5].
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Benzodiazepines (BZDs) are now among the most abused drugs and are frequently
found as contaminants in the aquatic environment [6–10]. Many different types may be
present simultaneously, at concentrations ranging from ng/L up to 0.89 µg/L in rivers
(diazepam [11,12]) and up to 117 ng/L in seawater (lorazepam [8]). They differ in pharma-
cokinetic characteristics and absorption, sometimes forming very active metabolites, with
long half-lives and prolonged activity [13]. Evidence indicates the cytotoxic effects of BZDs
on non-target aquatic species: for example, in Mytilus galloprovincialis, delorazepam (DLZ)
alters gill anatomy, causes goblet cell hyperplasia, and alters protein metabolism, also
interfering with the presence and/or distribution of gill glycoconjugates [7]. In Xenopus
laevis embryos, numerous tissues are affected after treatment with DLZ, such as the retina,
skeletal muscle, or intestine, leading to both structural and functional damage [14].

Benzodiazepines also interfere with reproduction, affecting not only reproductive
behavior, but also male and female gametes [15,16]. These effects have been described, for
example, in bony fish [17], crustaceans (Daphnia [18]; Mysidopsis [19]), and gastropods (Radix
balthica [20]). In the embryonic stages, DLZ is embryotoxic, teratogenic, and epigenotoxic,
and dysmorphogenesis is accompanied by relevant changes in glycoconjugate distribu-
tion [6,14]. The side effects of BZD treatment on reproduction occur also in mammals;
administration in utero has been associated with anatomical defects [21] and risks of
preterm birth and low birth weight [22,23].

Based on these premises, we studied the effects of DLZ, a high half-life BZD [24],
on sea urchin early development with particular attention to glycoconjugate distribution
in morulae (6 hours post fertilization, hpf) and plutei (48 hpf). DLZ is one of the ben-
zodiazepines with the highest elimination half-life (80–115 h). It is both a metabolite
of diazepam and a parent molecule, marketed as a drug, and produces a major active
metabolite known as lorazepam [6,24]. Paracentrotus lividus is an excellent experimental
model for studies on development, since its spawning and fertilization occur in water,
its development is fast, and it produces a transparent planktonic larva, the pluteus. The
morphological anomalies induced by exposure to stressors represent an easy biomarker
in ecotoxicological investigations [25–28]. For these reasons, the sea urchin is indicated
by the European Agency for Alternative Models for studies on reproduction and toxicity
testing [29], fully in line with the 3Rs objectives [30]. In addition, testing on benthonic
echinoderms has environmental relevance since the sea urchin is a key species in coastal
marine ecosystems [31] and, therefore, a good bioindicator organism [32,33].

The present study aimed to determine the effects of an environmentally realistic con-
centration of DLZ (1 µg/L [6,7]) and, in parallel, of two higher doses (5 and 10 µg/L),
in consideration of the growing consumption trend, favored by the post-pandemic sce-
nario [34,35]. Four different experiments were carried out to detect the interference of
the drug on eggs and sperm quality, fertilization, and development. Fertilization rate,
larval development, and anatomy were verified at 6 (morula stage) and 48 (pluteus stage)
hours post fertilization. Considering the evidence that DLZ interferes with glycoconjugate
distributions in two different species [7,14], a panel of five FITC-lectins was used to detect
possible changes in the presence and localization of terminal N-Acetyl glucosamine (WGA),
α-linked mannose (Con A) or fucose (UEA-I), and α- or β-linked N-Acetyl galactosamine
(DBA and SBA) [36]. Particular attention was dedicated to spicules, affected by several
toxicants [37], and to the gut, one of the target organs of DLZ in Xenopus laevis embryos [6]
and, possibly, also in mammals [38].

2. Results
2.1. Effects of DLZ on Fertilization

Twenty minutes after fertilization, in control samples, 97.9 ± 1.2% of the eggs showed a
fertilization membrane. In samples obtained from pre-treated eggs (Figure 1A), pre-treated
sperm (Figure 1B), or gametes treated at fertilization (Figure 1C), no effects were registered
on fertilization percentage at 1 or 5 µg/L DLZ (fertilization percentages ranging from a
minimum of 90.1 to a maximum of 96.3%). In contrast, in samples treated with 10 µg/L
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DLZ, the average fertilization percentage was significantly reduced (p < 0.01), with values
dropping to 67.5 ± 12.4%, 53.8 ± 15.4%, and 72.2 ± 12.3%, respectively.
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Figure 1. Effects of DLZ on fertilization percentage in the sea urchin Paracentrotus lividus. (A) Pre-
treated eggs. (B) Pre-treated sperm. (C) Treatment at fertilization. Significant effects are registered
exclusively at the higher dose. (**, p < 0.01; ***, p < 0.001).

2.2. Effects of DLZ on Morulae Development (6 hpf)

In control samples, six hours post fertilization (hpf), 97.6 ± 1.7 of the eggs were at the
morula stage (Figure 2A–D). These were composed of 32–64 cells, with an incipient central
cavity, the blastocoel. Pre-treatments of the eggs (Figure 2A) or the sperm (Figure 2B), or
exposure to DLZ at fertilization (Figure 2C) caused no significant effects at the two lower
DLZ concentrations. Percentages ranged from a minimum of 88.3 to a maximum of 98%.
In contrast, exposure to 10 µg/L caused a very significant reduction in the percentage
of morulae, with values ranging between a maximum of 68.1 and a minimum of 57.3%
(Figure 2A–C). The effect size for egg pre-treatment was 2.2 at 1 µg/L, 1.6 at 5 µg/L, and
>10 at 10 µg/L. For sperm pre-treatment, the minimum effect size was around 2.2 (at 1 and
5 µg/L, respectively) and >10 at 10 µg/L. For treatment at fertilization, no significant effect
size was reported at 5 µg/L, while for 1 µg/L and 10 µg/L, the effect sizes were 0.9 and
>10, respectively.

In samples treated after fertilization, the situation was different. At all concentrations,
the percentage of morulae was drastically reduced from a minimum of 45.8% in the 1 µg/L
sample to a maximum of 57.3% in 10 µg/L. The remaining embryos were delayed, still at
the four-cell stage (from 33.9% in 10 µg/L to a maximum of 46.8 in 5 µg/L) or the two-cell
stage (from 3.8 in 5 µg/L to 6.7% in 10 µg/L). A large effect size (>10) was reported at
all concentrations.

2.3. Effects of DLZ on Plutei Development (48 hpf)

In controls, at this time, the larvae developed a pair of post-oral arms and a pair of
short pre-oral arms. On average, 34% of the plutei were at the two-arm stage (only post-oral
arms developed) and 62% at the four-arm stage (Figure 3A); occasional unfertilized eggs
(less than 4%) were observed. In the samples obtained from pre-treated eggs (Figure 3B),
plutei were late, since four-arm plutei were very rare—no more than 2.8% of the population.
The two-arm plutei represented the most consistent part of the population, ranging from a
minimum of 78.6% in 5 µg/L samples to a maximum of 89.9% in 10 µg/L samples. A large
effect size (>10) was reported. In samples obtained from pre-treated sperm (Figure 3C),
the only treatment resembling control was DLZ 1 µg/L, in which 57.1% of plutei were
at the four-arm stage and the effect size was 1.4. In samples exposed to 5 or 10 µg/L,
the percentage of four-arm plutei was either significantly smaller (38.9%, 5 µg/L) or
significantly higher (78.2, 10 µg/L), and the effect size >5. Both treatments at fertilization
(Figure 3D) or after fertilization (Figure 3E) tended to cause a significant increase in the
percentage of four-arm plutei (p < 0.01). Values varied from a minimum of 63.0% to a
maximum of 81.1%. For these samples, the minimum effect size was 3. Morulae were
also observed in all samples, the higher percentage being found in samples obtained from
pre-treated eggs (from 8.9 to 21.4% of the entire population of embryos).
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Figure 2. Effects of DLZ on cleavage progression: percentage of morulae six hours post fertilization
(hpf). (A) Pre-treated eggs. (B) Pre-treated sperm. (C) Treatment at fertilization. (D) Treatment after
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significantly delays cleavage at all tested concentrations. (**, p < 0.01; ***, p < 0.001; ****, p < 0.0001
with respect to control).
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Observation under the microscope demonstrates that the morulae tend not to show
significant morphological alterations. Only occasionally, at the highest DLZ concentration,
blastomeres appeared dissociated, although surrounded by a vitelline membrane (Figure 4a)
or, more rarely, morulae were completely altered (Figure 4b). For the plutei morphology,
typical developmental alterations were observed: deformed (Figure 4c) or bent arms
(Figure 4d) and abnormal positioning of skeletal rods (Figure 4e,f). Very rarely, completely
deformed plutei were observed (Figure 4g). In controls, such alterations occurred in
about 4.1 ± 0.9% of the plutei. In plutei obtained from pre-treated eggs, percentages were
significantly reduced (maximum value 2.4 ± 0.7%); in contrast, in the other treatments,
a significant increase in such percentages was observed at all DLZ concentrations. The
maximum value (21.0 ± 2.3%) was registered in plutei obtained from sperm pre-treated
with DLZ 5 µg/L, and the minimum value (7.7 ± 1.4%) in plutei treated at fertilization
with DLZ 5 µg/L (Figure 4h).

In the different treatments, no significant morphological anomalies were detected
in gut anatomy (Figure 5A). The relative size of the gut, in contrast, showed marked
differences that depended on the moment exposure occurred (pre-treatment of eggs or
sperm, exposure at fertilization or during development) but not on DLZ concentration.
In control plutei, gut width was 23% of body length (Figure 5B). In plutei obtained from
pre-treated eggs, the percentage dropped significantly (p < 0.05) to values around 19%
without significant dose-dependent effects (Figure 5C). A similar situation was observed for
plutei obtained from pre-treated sperm (Figure 5D). In this case, values reached a minimum
percentage of 20% at DLZ 10 µg/L. In samples exposed at the time of fertilization, the
effects seemed to add up (Figure 5E), while in the case of exposure after fertilization, no
significant differences were observed in the ratio (Figure 5F).

2.4. Alterations in Carbohydrate Presence and Localization

(a) Morula stage (6 hpf)

In the control samples, the lectins WGA (Figure 6a) and the UEA-1 (Figure 6c) stained
the cytoplasm of the blastomeres and the fertilization membrane. After exposure to DLZ, no
matter the type of treatment or the concentration, the staining of the fertilization membrane
was maintained (Figure 6b,d), while the staining of the blastomeres either disappeared
completely (WGA, Figure 6b) or reduced significantly (UEA-1, Figure 6d). Control morulae
(Figure 6e) and morulae exposed to DLZ during development (Figure 6h) were unstained
by Con A. After treatment with DLZ, labeling appeared, differently distributed depending
on the type of treatment but not on the concentration. In particular, in morulae obtained
from pre-treated gametes, both blastomeres and fertilization membranes were labeled
(Figure 6f), while in morulae exposed at fertilization, only the fertilization membrane was
labeled (Figure 6g). Lectins DBA (Figure 6i) and SBA (Figure 6j) never stained the morulae,
either controls or those treated with DLZ.

(b) Pluteus stage (48 hpf)

In control plutei, the WGA lectin intensely stained the skeletal rods and primary
mesenchyme cells responsible for their production. These cells are located along the
rods and at the apical end of the pluteus (Figure 7a). In plutei obtained from pre-treated
eggs, labeling was either reduced (Figure 7b) or preserved (Figure 7c), without apparent
correlation with the pluteus stage or condition. In contrast, in plutei obtained from pre-
treated sperm (Figure 7d), no significant labeling was observed on rods or mesenchyme cells.
In plutei treated at fertilization (Figure 7e) or during development (Figure 7f), no differences
were observed with respect to the control. In all samples, no significant variations were
observed based on DLZ concentration. In control (Figure 7g,h) plutei and in plutei exposed
at fertilization (Figure 7k), the Con A lectin stained the stomodeum but not the gut. In plutei
obtained from pre-treated eggs (Figure 7i) or pre-treated sperm (Figure 7j), no labeling
was observed. In these cases, no significant differences were observed at the different
DLZ concentrations. In contrast, in plutei exposed during development, no labeling was
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present after exposure to 1 or 5 µg/L (Figure 7l), while those exposed to 10 µg/L showed a
labeled stomodeum (Figure 7m,n). Lectins DBA, SBA, and UEA-1 did not stain the plutei,
indicating the absence of a significant amount of α- or β-linked N-Acetyl-galactosamine or
α-linked fucose.
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arrow) and post- (dotted arrow) oral arms. (d) Pluteus with bent arm (arrow). Inset: intact plu-
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Figure 5. Effects of DLZ on gut development. (A) Pluteus with intact gut. Animal length (l)
and gut width (w) were determined and used to identify possible anomalies in gut development.
(B) Ratio (expressed as w/l × 100), in control samples. (C–F) Ratios after treatments. Notice moderate
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to control.)
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fertilization membrane. (e) Unstained morula. (f–h) Treatment-dependent staining of blastomeres
and fertilization membranes. (i,j) Unstained morulae. WGA stains terminal N-acetyl glucosamine,
UEA-I stains α-linked fucose, Con A stains α-linked mannose, DBA and SBA stain α- or β-linked
N-Acetyl galactosamine. Bars: 25 µm.
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FITC-WGA (a–f); skeletal rods (dotted arrows), mesenchyme cells (thick arrow), apical mesenchyme
cells (thin arrow). (a) Pluteus with stained rods and mesenchyme cells. (b) Poorly stained rods and
mesenchyme cells. (c) Intensely stained rods and mesenchyme cells in an abnormal 2-arm pluteus.
(d) Unstained pluteus. (e,f) Stained skeletal rods and mesenchyme cells. Staining with FITC-Con A;
stomodeum (*), gut (arrow). (g,h,k,m,n) Stained stomodeum and unstained gut. (i,j,l) Unstained
stomodeum. WGA stains terminal N-Acetyl glucosamine and Con A stains α-linked mannose. Bars:
25 µm.

3. Discussion

The evidence collected demonstrates that DLZ impacts reproduction in the model
organism Paracentrotus lividus. Concentrations close to those found in the environment
reduce gamete quality and interfere with fertilization and development progression. The
effects are fast, and the responses are not dose-dependent: apart from fertilization rate,
all concentrations induced comparable effects on embryo development. Pre-treatment
of gametes, like exposure at fertilization, drastically decreases the fertilization rate—an
effect well in accord with observations in rats [39] but not in teleosts [17]. The effect is
exerted only at the highest concentration, but the result is very significant: in waters, many
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different benzodiazepines are simultaneously present, and concentrations and effects of
active principles and/or metabolites may be additive.

Regarding the site of action of DLZ, in the sperm, the tail axoneme and mitochondria
are two main targets [40,41]. In the sea urchin, diazepam causes microtubule disassem-
bly [40] and, by binding to the peripheral receptors TSPO (Translocator Protein, formerly
Peripheral Benzodiazepine Receptor PBR), induces oxidative stress [41]. In addition, in
mammals including humans, benzodiazepines can affect sperm capacitation [42] and the
acrosome reaction, a process mediated by GABAergic receptors [43] and, by partitioning
into the biological membranes [44], modify their fluidity [45]. In the sea urchin, the female
gamete lacks centrosomes (carried along by the sperm [46]) and, therefore, organelles other
than centrioles might be the target(s) of DLZ. Microtubules are improbable candidates, since
after meiosis, their number and length gradually diminish [47]. Whatever the target site is,
benzodiazepines alter folliculogenesis and affect meiosis progression, eventually reducing
egg quality in mammals [48] or egg number, as reported in the gastropod Radix balthica [20].
In the sea urchin, at fertilization, DLZ can directly affect microtubule formation, causing
atypical asters [40] or blocking the calcium-dependent exocytosis of cortical granules [49].

In the unfertilized sea urchin egg, it is difficult to propose a site of action for DLZ, since
the gamete is dormant [50], the GABAergic system is lacking [51], and the mitochondrial
activity is reduced to basal metabolism [52]. Mitochondrial permeability transition pores,
however, are present and active [53] and an effect on the associated TSPO receptor on
the mitochondrial membrane cannot be excluded. This point, unclear now, deserves
further study, as many species lay eggs directly into water contaminated by high levels of
benzodiazepines and the effects on fecundity may be relevant. As expected, the reduced
fertility rate at 10 µg/L is followed by a decreased rate of morulae formation. These are
normal from an anatomical point of view but show altered presence and/or distribution of
sugar residues.

No matter if obtained from pre-treated gametes or a fertilization exposure, blastomeres
lose N-Acetyl-glucosamine and α-linked fucose; meanwhile, only in the morulae derived
from pre-treated gametes, there is an increase in α-linked mannose in both blastomeres
and the fertilization membrane. In the sea urchin, carbohydrates are essential for cellular
interactions and, among these, both fucose and mannose play an important role in sperm–
egg interaction [54,55] and in early embryogenesis, as demonstrated by the disrupting
effect of exposure to inhibitors of glycoprotein/proteoglycan synthesis [56] or binding to
specific lectins [57]. Particularly significant is the fact that sugar variations are independent
of DLZ concentration; in fact, they are manifest also in 1 and 5 µg/L samples, those in
which fertilization percentage was as in controls.

The damages induced by early exposure to DLZ emerge clearly at the pluteus stage in
the form of accelerations/delays in development. Interestingly, pre-treating eggs delays
development (two-arm plutei are most abundant) while treatment at fertilization produces
the opposite effect, anticipating development (more four-arm plutei). Interestingly, pre-
treatment of sperm causes either a delay or an acceleration based on the DLZ concentration.
The greater and smaller effects are exerted at the intermediate and higher concentrations,
respectively, and as postulated in Xenopus [6], this response suggests the activation of
detoxifying pumps when DLZ reaches a “critical” concentration. The ABC transporters in
sea urchins are present in different forms, in male and female gametes and embryos [58],
thus providing a basis to justify the different responses observed.

Putting together the morphological damage with the evidence obtained with lectin
staining is not easy. N-acetyl glucosamine plays a role in the positioning of primary mes-
enchyme cells [59]; therefore, the reduced labeling for WGA in the blastomeres suggested
that a high percentage of plutei would show damaged skeletal rods. This however occurs
only in plutei obtained from pre-treated sperm. In contrast, the increase in α-linked man-
nose in morulae obtained from pre-treated gametes perfectly fits with the observed damage
in the stomodeum, indicated by the lack of Con A positivity, and with the reduced gut
width. Together with the interferences with developmental times, the absence of Con A
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staining suggests that DLZ exerts teratogenic effects, in particular on the gut, confirming
recent evidence on Xenopus laevis embryos, in which the same concentrations of DLZ used
in this study caused gut immaturity [6] and perturbation in DNA methylation [60].

The results obtained by treatment during development are quite different from those
recorded after pre-treating gametes or treatment at fertilization. The effects appear early but
are registered at all concentrations: 6 hpf, only 50% of the embryos had reached the morula
stage. GABA and TSPO receptors are present in the embryos, as neurotransmitters regulate
morphogenetic activities such as proliferation, differentiation, and cell motility [61]. Delay,
therefore, can be attributed to interference of DLZ with mitosis, to anomalies in spindle
formation [62], or alteration of centrosomal material and/or in microtubules [63]. Similar
effects have been demonstrated in tumor cells—systems that, like embryos, show intense
and rapid mitotic activity [64].

In this case, too, the morulae do not show significant macroscopic alterations but
significant variations in carbohydrate residue’s presence and distribution occur in both
blastomeres and fertilization membranes. In echinoderm embryos, from the 16-cell stage,
glycoproteins are exposed on the surface of the plasma membranes to modulate cell
adhesion and recognition [65]. These are both derived from the maternal pool [66] and
synthesized from blastomeres by glycosyltransferases [65]. The observed reduced affinity
for lectins suggests a potential interference of DLZ with the activity of these enzymes but at
the moment, the only support for this hypothesis comes from a report demonstrating that
diazepam alters glycosyltransferase activity in a plant [67]. Proteoglycans are necessary
also for post-gastrula development [68] and the relatively modest percentage of altered
plutei seems to confirm that the embryos have indeed recovered from the initial damage
observed at the morula stage. The percentage of two- and four-arm plutei is as in controls,
and the gut appears normally developed.

Put together, the data collected suggests that DLZ can impact several processes and
mechanisms in Paracentrotus gametes and early embryos. This would depend on the
different presence and distribution of the two primary targets of benzodiazepines: GABA
and TSPO receptors. The effects of these drugs on male and female gametogenesis have
already been reported [15,16] but the molecular mechanisms at the base remain elusive.

4. Materials and Methods
4.1. Animal Handling

Paracentrotus lividus (Strongylocentrotus lividus, Lamarck, 1816), a Mediterranean species
common along the Italian coasts, was provided by local suppliers. Once acclimated for 48 h,
it was maintained in 25 L aquaria filled with seawater (Instant Ocean Sea Salt, Blacksburg,
VA, USA), salinity 36 ± 1‰ g/L, with constant aeration, according to Giudice [69]. All the
experiments were conducted at 18 ◦C under a 12 h light (12 h dark photoperiod).

4.2. DLZ Solutions Preparation

For the treatment, a largely consumed benzodiazepine preparation in the form of
oral drops was used. It contains the active principle DLZ at 1 mg/mL concentration and
excipients in unspecified quantities [6]. The operating solution was prepared by diluting the
preparation in artificial seawater to a final concentration of 1, 5, or 10 µg/L of DLZ [6,7]. The
first concentration was chosen based on the environmental concentrations reported in the
literature for the aquatic environments, calculated considering the average concentration
of different benzodiazepines in European waste and coastal waters [6,7,70–72]. The two
latter concentrations were chosen considering the growing trend of benzodiazepine (ab)use
and the fact that more than one benzodiazepine is present simultaneously in the same
environment, thus suggesting the occurrence of additive effects.

4.3. Fertilization and Larval Growth

The method refers to what is described in Giudice et al. [69]. For each experiment,
gametes were obtained through intracoelomic stimulation using 0.5 M KCl from four
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distinct animals and then pooled. The eggs were released into seawater, while the sperm
was preserved dry in a Petri dish placed on ice. Before utilization, the quality of the
gametes was assessed using a microscope: aliquots of eggs were examined for their shape
and appearance, and 5 µL of sperm was activated in seawater and checked for number,
morphology, and motility. This preliminary assessment facilitated the creation of culture
samples with the appropriate number of eggs and sperm. In each experimental trial,
around 7200 eggs were subjected to a thorough wash in clean water to eliminate debris, and
then randomly divided to establish triplicate cultures for control and DLZ concentrations.
Fertilization was induced by introducing a suitable volume of activated sperm (maintaining
an approximate sperm–egg ratio of 1500:1). The growth phase occurred in sterile glass Petri
dishes (25 cm in diameter) containing approximately 600 embryos in 150 mL of seawater.
Cultures were consistently agitated on a tilting laboratory shaker and discarded if the
fertilization percentage in the control group fell below 95%.

4.4. Treatments

To verify the interference of DLZ with fertilization, eggs or sperm were either pre-
treated and then used for fertilization with untreated sperm or eggs, respectively, or treated
directly at the time of fertilization. In brief, the eggs were exposed for 20 min to the DLZ
solutions, gently washed in clean seawater, inseminated with untreated sperm, and allowed
to complete development in clean seawater (Figure 8A). Sperm were activated in seawater
containing DLZ and used to fertilize untreated eggs (Figure 8B). For the exposure at the
fertilization time, sperm and DLZ were simultaneously added to the egg culture; twenty
minutes after the first fertilization membrane appeared, all the eggs were collected using
a nytex membrane (100 µm pores), gently washed in clean seawater to eliminate debris
and sperms, and transferred into the Petri dish containing pure seawater where they were
allowed to complete development (Figure 8C).
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To verify the effects of exposure on development, the eggs were fertilized in uncon-
taminated seawater using untreated sperm. Twenty minutes after the first fertilization
membrane appeared, the fertilized eggs were collected, resuspended in seawater containing
DLZ, and allowed to complete development (Figure 8D).
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4.5. Sampling and Data Analyses

Development was followed at 6 hours (morula stage) and 48 hours (pluteus stage)
post fertilization (hpf [73]) by collecting aliquots of the embryo culture. Morulae and plutei
were fixed in 4% formaldehyde [74] and thoroughly washed in 75% ethanol at the time of
observation under the microscope. At least 600 larvae were observed at each time point for
each treatment; the experiments were carried out in triplicates. Percentages of fertilization
were determined under a Leica MZ16 A stereomicroscope (Leica Microsystems s.r.l., Milan,
Italy) by counting the number of eggs that showed a fertilization membrane out of the
total number of eggs treated × 100. Larval anomalies (delays in the stage of development
and/or alteration in shape) were also recorded. For plutei, gut anatomy was assessed by
determining the relative size of the stomach. Images were acquired using a Zeiss Axiocam
camera applied to a Zeiss Axioskop microscope (Zeiss, Oberkochen, Germany) and then
analyzed using ImageJ (free version 1.8.0; last update 22 May 2023; https://imagej.net/ij/
download.html) to determine maximum arm length (AL) and stomach width (SW) [75].

4.6. Identification of Carbohydrate Residues by Staining with Fluorescent Lectins

Morulae and plutei fixed in 4% formaldehyde were washed in seawater and 50%
ethanol. Small aliquots of the suspension (150 µL, containing approximately 100 morulae or
plutei) were transferred into a vial on ice, in the dark, and stained by adding 3 µL of one of
the FITC-lectins (Vector Laboratories Inc, Newark, CA; 2 mg/mL). In particular, WGA was
used to stain terminal N-Acetyl glucosamine (glcNAc), Con A to stain α-linked mannose,
UEA-I to stain α-linked fucose, and DBA or SBA to stain α- or β-linked N-Acetyl galac-
tosamine, respectively. Negative controls were prepared by incubating with the lectin and
the specific competing sugar or by omitting the lectin to test potential autofluorescence [75].
After 2 h, aliquots were pipetted onto a slide, covered with a coverslip, and morulae or
plutei were immediately observed under a UV microscope (excitation maximum at 495
nm and emission maximum at 515 nm) at constant exposure times. Labeling was defined
as positive or negative by two independent observers. Negative controls were always
completely unstained.

4.7. Statistical Analysis

Numerical data obtained for fertilization rate and growth progression at 6 and 48 h
were normalized by applying the following formula: mean value of treatment sample/mean
value of control sample × 100. To evaluate proper stomach development, the ratio of
stomach width/animal length × 100 [76,77] was determined. All values obtained were
analyzed for significance by One-Way ANOVA or the Student’s t-test using GraphPad-
Prism 8 software (GraphPad Software, Inc., San Diego, CA, USA) [6]. For all tests, the
minimum significance level accepted was p < 0.05. Cohen’s d was used to determine the
size effects of treatments, in particular, d = (x1 − x2)/s, where x1 and x2 are the sample
means of group one and group two, and “s” is the standard deviation of the population
from which the two groups were taken [78].

5. Conclusions

In conclusion, this preliminary work demonstrates that environmental concentrations
of a largely abused benzodiazepine, DLZ, significantly interfere with fertilization and larval
development. The most evident effects are exerted on sperm (reduced fertilization rate and
high percentage of altered plutei) and early cleavage (poor morulae development). Lectin
staining highlights that the damage is far more extensive, affecting both morulae and plutei,
no matter the drug concentration or the time of exposure. The sea urchin Paracentrotus
lividus confirms an excellent model for reproductive studies and toxicity testing, and the
results so far obtained will pave the way for more specific and applicative research. In
particular, it will be essential to investigate whether DLZ interferes with gene expression in
this species as well as in other non-target species. Site and mechanisms of action should be
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clarified, considering that interference is also potentially exerted in species with internal
fertilization, humans included.

Author Contributions: Conceptualization, C.M.M., B.A. and C.F.; methodology, C.F., C.M.M., R.P., M.C.
and I.S.; validation, C.M.M., B.A. and R.C.; investigation, C.M.M., R.P., M.C., C.F. and I.S.; resources, P.C.
and C.M.M.; data curation, C.M.M., B.A., R.C. and P.S.; writing—original draft preparation, C.F., C.M.M.
and I.S.; writing—review and editing, B.A., R.C. and C.M.M.; visualization, C.M.M.; supervision, C.M.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The ethical review and approval of this study were waived,
as the organisms used in the experiment are invertebrates not included in Legislative Decree 26/2014.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Dos Santos, C.R.; Lebron, Y.A.R.; Moreira, V.R.; Koch, K.; Amaral, M.C.S. Biodegradability, environmental risk assessment

and ecological footprint in wastewater technologies for pharmaceutically active compounds removal. Bioresour. Technol. 2022,
343, 126150. [CrossRef]

2. Majumder, A.; Gupta, B.; Gupta, A.K. Pharmaceutically active compounds in aqueous environment: A status, toxicity and
insights of remediation. Environ. Res. 2019, 176, 108542. [CrossRef]

3. Biel-Maeso, M.; Baena-Nogueras, R.M.; Corada-Fernández, C.; Lara-Martín, P.A. Occurrence, distribution and environmental risk
of pharmaceutically active compounds (PhACs) in coastal and ocean waters from the Gulf of Cadiz (SW Spain). Sci. Total Environ.
2018, 612, 649–659. [CrossRef]

4. O’Flynn, D.; Lawler, J.; Yusuf, A.; Parle-McDermott, A.; Harold, D.; Mc Cloughlin, T.; Holland, L.; Regan, F.; White, B. A review of
pharmaceutical occurrence and pathways in the aquatic environment in the context of a changing climate and the COVID-19
pandemic. Anal. Methods Adv. Methods Appl. 2021, 13, 575–594. [CrossRef] [PubMed]

5. Benistand, P.; Vorilhon, P.; Laporte, C.; Bouillon-Minois, J.B.; Brousse, G.; Bagheri, R.; Ugbolue, U.C.; Baker, J.S.; Flaudias, V.;
Mulliez, A.; et al. Effect of the COVID-19 pandemic on the psychotropic drug consumption. Front. Psychiatry 2022, 13, 1020023.
[CrossRef]

6. Fogliano, C.; Motta, C.M.; Venditti, P.; Fasciolo, G.; Napolitano, G.; Avallone, B.; Carotenuto, R. Environmental concentrations of
a delorazepam-based drug impact on embryonic development of non-target Xenopus laevis. Aquat. Toxicol. 2022, 250, 106244.
[CrossRef]

7. Fogliano, C.; Carotenuto, R.; Panzuto, R.; Spennato, V.; De Bonis, S.; Simoniello, P.; Raggio, A.; Avallone, B.; Agnisola, C.;
Motta, C.M. Behavioral alterations and gills damage in Mytilus galloprovincialis exposed to an environmental concentration of
delorazepam. Environ. Toxicol. Pharmacol. 2022, 97, 104030. [CrossRef]

8. Cunha, D.L.; de Araujo, F.G.; Marques, M. Psychoactive drugs: Occurrence in aquatic environment, analytical methods, and
ecotoxicity-a review. Environ. Sci. Pollut. Res. Int. 2017, 24, 24076–24091. [CrossRef]

9. O’Brien, C.P. Benzodiazepine use, abuse, and dependence. J. Clin. Psychiatry 2005, 66 (Suppl. 2), 28–33. [PubMed]
10. Engin, E. GABAA receptor subtypes and benzodiazepine use, misuse, and abuse. Front. Psychiatry 2023, 13, 1060949. [CrossRef]

[PubMed]
11. Calisto, V.; Esteves, V.I. Psychiatric pharmaceuticals in the environment. Chemosphere 2009, 77, 1257–1274. [CrossRef]
12. Fernández-Rubio, J.; Rodríguez-Gil, J.L.; Postigo, C.; Mastroianni, N.; de Alda, M.L.; Barceló, D.; Valcárcel, Y. Psychoactive

pharmaceuticals and illicit drugs in coastal waters of North-Western Spain: Environmental exposure and risk assessment.
Chemosphere 2019, 224, 379–389. [CrossRef]

13. Greenblatt, D.J.; Shader, R.I.; Divoll, M.; Harmatz, J.S. Benzodiazepines: A summary of pharmacokinetic properties. Br. J. Clin.
Pharmacol. 1981, 11 (Suppl. 1), 11S–16S. [CrossRef] [PubMed]

14. Fogliano, C.; Carotenuto, R.; Rusciano, G.; Sasso, A.; Motta, C.M.; Agnisola, C.; Avallone, B. Structural and functional damage
to the retina and skeletal muscle in Xenopus laevis embryos exposed to the commonly used psychotropic benzodiazepine
delorazepam. Environ. Toxicol. Pharmacol. 2023, 102, 104235. [CrossRef] [PubMed]

15. Taher, M.A.; Anber, Z.N.H. Effect of diazepam on the reproductive system in male rats. World J. Pharm. Pharm. Sci. 2015, 4, 60–78.
16. Oyedeji, K.O.; Oyakhilome, O.J.; Gbenga, O. Effect of Diazepam on reproductive function in female Wistar rats. J. Pharm. Sci. Res.

2021, 13, 698–701.
17. Lorenzi, V.; Choe, R.; Schlenk, D. Effects of environmental exposure to diazepam on the reproductive behavior of fathead minnow,

Pimephales promelas. Environ. Toxicol. 2016, 31, 561–568. [CrossRef] [PubMed]

https://doi.org/10.1016/j.biortech.2021.126150
https://doi.org/10.1016/j.envres.2019.108542
https://doi.org/10.1016/j.scitotenv.2017.08.279
https://doi.org/10.1039/D0AY02098B
https://www.ncbi.nlm.nih.gov/pubmed/33507166
https://doi.org/10.3389/fpsyt.2022.1020023
https://doi.org/10.1016/j.aquatox.2022.106244
https://doi.org/10.1016/j.etap.2022.104030
https://doi.org/10.1007/s11356-017-0170-4
https://www.ncbi.nlm.nih.gov/pubmed/15762817
https://doi.org/10.3389/fpsyt.2022.1060949
https://www.ncbi.nlm.nih.gov/pubmed/36713896
https://doi.org/10.1016/j.chemosphere.2009.09.021
https://doi.org/10.1016/j.chemosphere.2019.02.041
https://doi.org/10.1111/j.1365-2125.1981.tb01833.x
https://www.ncbi.nlm.nih.gov/pubmed/6133528
https://doi.org/10.1016/j.etap.2023.104235
https://www.ncbi.nlm.nih.gov/pubmed/37481049
https://doi.org/10.1002/tox.22069
https://www.ncbi.nlm.nih.gov/pubmed/25410424


Int. J. Mol. Sci. 2024, 25, 1969 14 of 16

18. Rivetti, C.; Campos, B.; Barata, C. Low environmental levels of neuro-active pharmaceuticals alter phototactic behavior and
reproduction in Daphnia magna. Aquat. Toxicol. 2016, 170, 289–296. [CrossRef] [PubMed]

19. Silva, A.; Nilin, J.; Loureiro, S.; Costa-Lotufo, L.V. Acute and chronic toxicity of the benzodiazepine diazepam to the tropical
crustacean Mysidopsis juniae. An. Da Acad. Bras. De Cienc. 2020, 92, e20180595. [CrossRef]

20. Lebreton, M.; Sire, S.; Carayon, J.L.; Malgouyres, J.M.; Vignet, C.; Géret, F.; Bonnafé, E. Low concentrations of oxazepam induce
feeding and molecular changes in Radix balthica juveniles. Aquat. Toxicol. 2021, 230, 105694. [CrossRef]

21. Bonnot, O.; Vollset, F.; Godet, P. Exposition in utero au lorazépam et atrésie anale: Signal épidémiologique. EM Premium
L’Encéphale 2003, 7, 553–559.

22. Wikner, B.N.; Stiller, C.O.; Bergman, U.; Asker, C.; Källén, B. Use of benzodiazepines and benzodiazepine receptor agonists
during pregnancy: Neonatal outcome and congenital malformations. Pharmacoepidemiol. Drug Saf. 2007, 16, 1203–1210. [CrossRef]

23. Yonkers, K.A.; Gilstad-Hayden, K.; Forray, A.; Lipkind, H.S. Association of panic disorder, generalized anxiety disorder, and
benzodiazepine treatment during pregnancy with risk of adverse birth outcomes. JAMA Psychiatry 2017, 74, 1145–1152. [CrossRef]

24. Bareggi, S.R.; Truci, G.; Leva, S.; Zecca, L.; Pirola, R.; Smirne, S. Pharmacokinetics and bioavailability of intravenous and oral
chlordesmethyldiazepam in humans. Eur. J. Clin. Pharmacol. 1988, 34, 109–112. [CrossRef] [PubMed]

25. Chiarelli, R.; Martino, C.; Roccheri, M.C. Cadmium stress effects indicating marine pollution in different species of sea urchins
employed as environmental bioindicators. Cell Stress Chaperones 2019, 24, 675–687. [CrossRef] [PubMed]

26. Martínez-Morcillo, S.; Rodríguez-Gil, J.L.; Fernández-Rubio, J.; Rodríguez-Mozaz, S.; Míguez-Santiyán, M.P.; Valdes, M.E.;
Barceló, D.; Valcárcel, Y. Presence of pharmaceutical compounds, levels of biochemical biomarkers in seafood tissues and risk
assessment for human health: Results from a case study in North-Western Spain. Int. J. Hyg. Environ. Health 2020, 223, 10–21.
[CrossRef]

27. Byrne, M.; Ho, M.; Selvakumaraswamy, P.; Nguyen, H.D.; Dworjanyn, S.A.; Davis, A.R. Temperature, but not pH, compromises
sea urchin fertilization and early development under near-future climate change scenarios. Proc. Biol. Ciences 2009, 276, 1883–1888.
[CrossRef]

28. Carr, R.S.; Biedenbach, J.M.; Nipper, M. Influence of potentially confounding factors on sea urchin porewater toxicity tests. Arch.
Environ. Contam. Toxicol. 2006, 51, 573–579. [CrossRef]

29. Bernardo, M.D.; Carlo, M.D. The sea urchin embryo: A model for studying molecular mechanisms involved in human diseases
and for testing bioactive compounds. In Sea Urchin-From Environment to Aquaculture and Biomedicine; IntechOpen: Rijeka, Croatia,
2017; pp. 119–144. [CrossRef]

30. Falugi, C.; Lammerding-Koppel, M.; Aluigi, M.G. Sea urchin development: An alternative model for mechanistic understanding
of neurodevelopment and neurotoxicity. Birth Defects Res. Part C Embryo Today Rev. 2008, 84, 188–203. [CrossRef]

31. Pearse, J.S. Ecological role of purple sea urchins. Science 2006, 314, 940–941. [CrossRef] [PubMed]
32. European Marine Board. Linking Oceans and Human Health: A Strategic Research Priority for Europe; Position Paper 19 of the

European Marine Board: Ostend, Belgium, 2013; Available online: https://marineboard.eu/publication/linking-oceans-and-
human-health-strategic-research-priority-europe (accessed on 1 February 2024).

33. Parra-Luna, M.; Martín-Pozo, L.; Hidalgo, F.; Zafra-Gómez, A. Common sea urchin (Paracentrotus lividus) and sea cucumber of
the genus Holothuria as bioindicators of pollution in the study of chemical contaminants in aquatic media. A Revis. Ecol. Indic.
2020, 113, 106185. [CrossRef]

34. de Dios, C.; Fernandes, B.S.; Whalen, K.; Bandewar, S.; Suchting, R.; Weaver, M.F.; Selvaraj, S. Prescription fill patterns for
benzodiazepine and opioid drugs during the COVID-19 pandemic in the United States. Drug Alcohol Depend. 2021, 229 Pt A, 109176.
[CrossRef]
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