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A B S T R A C T   

Benzodiazepines, psychotropics drugs used for treating sleep disorders, anxiety and epilepsy, represent a major 
class of emerging water pollutants. As occurs for other pharmaceutical residues, they are not efficiently degraded 
during sewage treatment and persist in effluent waters. Bioaccumulation is already reported in fish and small 
crustaceans, but the impact and consequences on other “non-target” aquatic species are still unclear and 
nowadays of great interest. In this study, we investigated the effects of a pharmaceutical preparation containing 
the benzodiazepine delorazepam on the embryogenesis of Xenopus laevis, amphibian model species, taxa at high 
risk of exposure to water contaminants. Environmental (1 μg/L) and two higher (5 and 10 μg/L) concentrations 
were tested on tadpoles up to stage 45/46. Results demonstrate that delorazepam interferes with embryo 
development and that the effects are prevalently dose-dependent. Delorazepam reduces vitality by decreasing 
heart rate and motility, induces marked cephalic and abdominal edema, as well as intestinal and retinal defects. 
At the molecular level, delorazepam increases ROS production, modifies the expression of some master devel
opmental genes and pro-inflammatory cytokines. The resulting stress condition significantly affects embryos’ 
development and threatens their survival. Similar effects should be expected as well in embryos belonging to 
other aquatic species that have not been yet considered targets for these pharmaceutical residues.   

1. Introduction 

Benzodiazepines (BZDs), psychotropic drugs used for treating 
insomnia and anxiety (Argyropoulos and Nutt, 1999), are worldwide 
one of the most prescribed remedies (Schmitz, 2016; Nunes et al., 2019). 
Massive use and abuse (Votaw et al., 2019) result in a vast and constant 
release of these drugs and/or their active metabolites in the wastewater 
(Bade et al., 2020). Since they are not efficiently degraded during 
sewage treatment (Patel et al., 2019), BZDs accumulate in effluent wa
ters and sediments (Klaminder et al., 2015; Lei et al., 2021), reaching 
concentrations ranging from µg/L to ng/L (Calisto and Esteves, 2009). 
As a consequence, BZDs represent nowadays an important class of 
emerging pollutants (Nunes et al., 2019) and therefore a potential 
environmental hazard, even at low concentrations, especially for aquatic 
species with which they inevitably come into contact (Klaminder et al., 
2015). GABA receptors, targets for BZDs, are evolutionary very 
conserved, from bacteria (Guthrie et al., 2000) to animals (Furuhagen 

et al., 2014) and therefore large-scale effects are foreseeable. BZDs 
bioaccumulate in invertebrates (Lebreton et al., 2021a) and vertebrates, 
inducing relevant behavioral (Cerveny et al., 2020) and physiological 
alterations (Silva et al., 2020), including interferences with gene 
expression, enzymes activities (Oggier et al., 2010; Lebreton et al., 
2021b) and oxidative stress (Ogueji et al., 2017). 

The behavior and fate of BZDs in the aquatic environment are still 
not fully clear and so are the effects exerted on non-target species which 
may come accidentally into contact with these drugs. In particular, not 
very much is known about the effects on amphibians even if they are a 
class of vertebrates at high risk of exposure being bound to the aquatic 
environment both during embryonic development and adult life. In this 
study, therefore, we investigated the effects of a benzodiazepine 
delorazepam-based drug (DLZ) on the embryo development of a model 
species, Xenopus laevis, widely used in toxicology and environmental 
studies (Carotenuto et al., 2020; 2022). 

Delorazepam, derivative of diazepam, is one of the benzodiazepines 
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with the highest elimination half-life (80–115 h) and that produces a 
major active metabolite known as lorazepam that represents about 15 – 
34% of the parent drug (Bareggi et al., 1988). Like all benzodiazepines, 
it has anxiolytic, skeletal muscle relaxant, and hypnotic properties 
(Bareggi et al., 1986; Moosmann and Auwärter, 2018). 

Xenopus embryos were exposed to a largely consumed pharmaceu
tical product (oral drops) containing delorazepam at a concentration of 
1 mg/ml. Preparation was used as it is, assuming that trace components 
are not relevant functionally or toxicologically. Preparation was diluted 
to a final concentration of DLZ of 1 µg/L, calculated considering the 
average concentration of different benzodiazepines in European waste 
and coastal waters (Fick et al., 2017; Calisto and Esteves, 2009). Two 
higher concentrations were also tested, 5 and 10 µg/L, for comparison 
and to mimic the simultaneous exposure to multiple BZDs occurring in 
nature. 

The effects of the drug were determined by a modified version of the 
FETAX test and its conventional endpoints (Bernardini et al, 1994; 
Carotenuto et al., 2021): mortality, length, and occurrence of malfor
mation, in toto and at the retinal level, proven target of embryo’s toxicity 
(Hauptman et al., 1993; Simoniello et al., 2014). Following the occur
rence of malformations, a preliminary gene expression analysis was also 
carried out to assess the possible influences of DLZ on the expression of 
early development genes, on the cytokine-mediated immunological 
response, and on the detoxification processes (see Table S1 and Car
otenuto et al., 2021). In addition, in consideration of the sedative ac
tivity of DLZ, the impacts on embryonic swimming performance and 
heartbeat rate were determined. Changes in redox state were evaluated 
by ROS content analysis and by determining lipids oxidative damage, 
antioxidant enzymes activity (glutathione peroxidase and reductase), 
and in vitro susceptibility to oxidants. 

2. Materials and methods 

2.1. Animals 

Adult Xenopus laevis, obtained from Nasco (Fort Atkinson, Wisconsin, 
USA), were kept and used at the Department of Biology of the University 
of Naples, Federico II, according to the guidelines and policies dictated 
by the University Animal Welfare Office in agreement with international 
rules and strict accordance with the recommendations in the Guide for 
the Care and Use of Laboratory Animals of the National Institutes of 
Health of the Italian Ministry of Health. The protocol was approved by 
the Committee on the Ethics of Animal Experiments of the University of 
Naples Federico II (Permit Number: 2014/0017970). All procedures 
were performed according to Italian ministerial authorization (DL 116/ 
92) and European regulations on the protection of animals employed for 
experimental and other scientific purposes. All surgical procedures were 
performed under tricaine (MS222, Sigma) and organized to minimize 
suffering. To obtain eggs, X. laevis females were injected in the dorsal 
lymphatic sac with 500 units of Gonase (AMSA) in amphibian Ringer 
solution (111 mM NaCl, 1.3 mM CaCl2, 2 mM KCl, 0.8 mM MgSO4, in 25 
mM Hepes, pH 7.8). Fertilized eggs and embryos were obtained by 
standard insemination methods (Bernardini et al, 1994) and staged ac
cording to Nieuwkoop and Faber (1956). 

2.2. Embryos’ treatment 

Three in vitro fertilizations were performed. For each fertilization, 
triplicate Petri dishes were set for controls (3 dishes containing 10 em
bryos for a total of 30 embryos) and delorazepam treatments (3 dishes 
containing 10 embryos for each concentration, for a total of 90 em
bryos). The experiment in triplicate produced a total of 360 embryos, 
270 of which were exposed to the drug. The conventional FETAX assay 
was modified by anticipating the contact of the embryos with the drug at 
stage 4/8 cell, to emulate the environmental situation of contact with 
the drug and to study the effects on early development. 10 embryos at 

stage 4/8 for each treatment were selected for testing and placed in a 10 
cm diam glass Petri dish containing 50 mL of FETAX solution (Frog 
Embryo Teratogenesis Assay-Xenopus pH 7.4; 106 mM NaCl, 11 mM 
NaHCO3, 4 mM KCl, 1 mM CaCl2, 4 mM CaSO4, 3 mM MgSO4), (Mouche 
et al., 2011). 

For the treatment, a largely consumed pharmaceutical product was 
used. In form of oral drops, it contains the active principle delorazepam 
at a 1 mg/ml concentration and excipients in unspecified quantities 
(purified water, ethanol, glycasol N, glycerol, propylene glycol, sodium 
saccharin). Solutions were prepared by dissolving the drug in FETAX 
solution with different dilutions to obtain 1 µg/L, 5 µg/L, and 10 µg/L. 
Sibling embryos grown in FETAX solution were used as controls. All 
embryos were exposed up to stage 45/46 in a static condition, i.e., so
lutions were not renewed, so to determine the potentially embryotoxic 
effects of the delorazepam-based drug and/or its active metabolites. All 
the experiments were carried out at 21◦C, under a 12 h light: 12 h dark 
photoperiod. The pH (7.4) of the solutions in the Petri dishes containing 
the embryos were checked daily. Embryo’s survival and phenotypes 
were checked daily, and dead embryos were recorded and immediately 
removed. 

2.3. Determination of embryo’s phenotype, length, heart rate, and 
motility 

For phenotype analysis, the survived embryos at stage 45/46 were 
anesthetized in FETAX containing 100 mg/L MS-222 (SIGMA) and 
placed under an MZ16F UV stereomicroscope equipped with a Leica DFC 
300Fx camera. A photo of each class of most common malformation was 
taken in ventral, lateral, and dorsal positions. For length, heartbeat, and 
motility determination, thirty embryos from each treatment were 
randomly collected. A stereomicroscope equipped with an eyepiece 
micrometer was used to determine the length of the embryo. Heart rate 
was determined by counting the number of beats in a series of 30 s ex
aminations, carried out in triplicate at a distance of 1 min (Carotenuto 
et al., 2016). For motility evaluation, the selected embryos were trans
ferred into separate glass Petri dishes (diameter: 10 cm) containing 50 
mL of FETAX solution, and let acclimatize for 5 min, protected by a black 
curtain from any possible disturbance exerted by the researcher. Single 
embryos were filmed for 60 s, and videos were analyzed by the software 
Tracker Video Analysis and Modeling Tool (Open-Source Physics). 
Speed and swimming activity data were normalized using the respective 
controls. The average velocity was determined as the distance traveled 
per second (cm/s), in the 60 s trials; time inactive (freeze) was quanti
fied as average time (in seconds) spent resting, in the 60 s trials. 

2.4. Histological analysis 

Ten randomly selected embryos from each treatment were fixed in 
2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M PBS pH 7.4 for 
24h at 4◦C, and post-fixed in 1% osmium tetroxide for 1 h at 4◦C 
(Avallone et al., 2015). After washing in 0.1 M PBS pH 7.4 at 4◦C, 
samples were dehydrated in ascending ethanol, and propylene oxide and 
embedded in Epon 812 (60◦C, 48 h). Semi-thin sections (1.5 µm) of the 
eyes were cut and stained with 1% toluidine blue solution prepared in 
1% sodium tetraborate buffer. For each embryo, 30 serial sections were 
examined with a Zeiss Axiocam camera applied to a Zeiss Axioskop 
microscope (Zeiss, Jena, Germany). Measurements of retina layers 
thickness and cells diameters were performed with the AxioVision 
software. 

2.5. RNA and Real-Time PCR 

For each treatment group, total RNA was extracted from a pool of 6 
embryos with the Direct-zol RNA Mini Prep kit (ZymoResearch, Irvine, 
CA, USA) following the manufacturer’s instruction and used for cDNA 
synthesis using the SuperScript Vilo cDNA synthesis kits (Life 
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Technologies Massachusetts, USA). Primers were designed using the 
software Primer 3 Plus (Table S1). Real-time PCR was performed using 
Power SYBR Green Master Mix kits (Life Technologies) using the 96-well 
optical reaction plate in 20 µL total reaction volume. Reactions were 
conducted on an AriaMx Real-time PCR System. The magnitude of 
change in gene expression relative to control was determined by the 2−

ΔΔCt method of Livak and Schmittgen (2001). 

2.6. Redox state analysis 

2.6.1. Preparations of homogenates 
The analysis of redox state was performed on six samples for each 

experimental group. The embryos were finely minced and homogenized 
in a cold homogenization medium (HM, 220 mM mannitol, 70 mM su
crose, 1 mM EDTA, 0.1% fatty acid-free albumin, 10 mM Tris, pH 7.4) 
using a glass Potter-Elvehjem homogenizer set at 500 rpm for 1 min. 
Total protein content was measured by the biuret method and the ho
mogenates were used for the following measures. 

2.6.2. ROS content determination 
The ROS content was measured according to Napolitano et al. 

(2022). In brief, 25 μg of homogenate proteins diluted in 200 μL of 
monobasic phosphate buffer were incubated for 20 min with 10 µM 
DCFH-DA at room temperature. Then, FeCl3 was added to a final con
centration of 100 μM, and the mixture was incubated for 30 min. The 
conversion of DCFH-DA to the fluorescent product DCF was measured 
using a multimode microplate reader (Synergy™ HTX Multimode 
Microplate Reader, BioTek) with excitation and emission wavelengths of 
485 and 530 nm. Background fluorescence (conversion of DCFH to DCF 
in the absence of homogenate and mitochondria) was corrected with 
parallel blanks. ROS production was expressed as Relative Fluorescence 
Units per μg protein. 

2.6.3. Oxidative damage to lipids 
The level of lipid hydroperoxides (HPs) was used to measure the 

extent of the lipid peroxidative processes in the homogenates of the 
embryos. The measure was spectrophotometrically performed by using a 
system of two coupled enzymatic reactions catalyzed by glutathione 
peroxidase and glutathione reductase, respectively, in the presence of 
GSH and H2O2. The HPs levels were calculated by the rate of NADPH 
oxidation at 340nm and expressed as nmol NADPH oxidized/minutes 
per mg of proteins. 

2.6.4. Activities of the antioxidant enzymes GPX and GR 
GPX activity in 0.02 mg proteins of the homogenates was assayed at 

25◦C by using H2O2 as substrate according to Flohé and Günzler (1984). 
The reaction was spectrophotometrically followed at 340 nm by the 
oxidation of NADPH in the presence of GSH and GR. GR activity of 0.02 
mg proteins of the homogenates was assayed at 25◦C by measuring the 
rate of NADPH oxidation after the addition of GSSG. Each procedure was 
performed by using a multi-mode microplate reader (Synergy™ HTX 
Multi-Mode Microplate Reader, BioTek), and both enzymes’ activities 
were expressed as nmol NADPH oxidized/minutes per mg of proteins. 

2.6.5. In vitro susceptibility to oxidants 
The in vitro susceptibility of homogenates to oxidants was evaluated 

by the change in hydroperoxide levels induced by treatment of 1 mg of 
homogenate proteins/mL with Fe and ascorbate (Fe/As), at concentra
tions of 100/1000 μM, for 10 min at room temperature (Venditti et al., 
2016). The reaction was stopped by the addition of 0.2% 2.6-di-t-bu
tyl-p-cresol (BHT) and the hydroperoxide levels were evaluated as pre
viously described. 

2.6.6. Cytochrome oxidase activity (COX) 
COX activity of 0.1 mg proteins of the homogenate was polaro

graphically determined at 25◦C by using a respirometer Hansatech 

(Hansatech Instruments Ltd, United Kingdom). The measure was per
formed in 1.0 mL of buffer solution (30µM Citc 3131, 10 mM Sodium 
Malonate, 75 mM Hepes, 4 µM Rotenone, 0.5 mM 2.4-dinitrophenol, pH 
7.4) after membranes solubilization with 1% Lubrol and in presence of a 
mixture of TMPD plus Ascorbate (30 mM plus 400mM). COX activity 
was expressed as µmol O/min per mg of proteins. 

2.7. Statistical analysis 

Data were processed with GraphPad-Prism 8 software (GraphPad 
Software, Inc., San Diego, CA, USA). The survival distributions in control 
and experimental groups were assessed in terms of significance using the 
Mantel-Cox test. To evaluate differences in heartbeat, length, motility, 
and oxidative stress among groups, the data were checked for compli
ance with parametric tests, then One-Way ANOVA followed by Tukey’s 
pairwise comparison tests were performed. For Real-Time PCR, statis
tical significance was determined using Two-Way ANOVA with the 
Bonferroni test. Data were expressed as mean ± SD; probability was 
considered statistically significant at p< 0.05 (*), very significant at p<
0.01 (**) and at p<0.001 (***), and extremely significant at p<0.0001 
(****). 

3. Results 

3.1. Embryo survival and body malformations 

The embryos grown in presence of DLZ showed a significant dose- 
dependent increase in mortality (p<0.0001; Table S2, Fig. 1A): the 
percent of death reached 32.2% in 1 µg/L DLZ, 44.4% in 5 µg/L and 
53.3% 10 µg/L DLZ. In controls, mortality remained at 11.1%. Control 
embryos showed an average length of 0.97 mm. No significant varia
tions were registered in embryos exposed to DLZ at 1 and 5 µg/L while, 
in 10 µg/L treatment, a moderate but significant decrease in length was 
observed if compared to control and 1 µg/L (0.87 mm; p<0.05; Fig. 1B). 

The incidence of malformations also follows a dose-dependent trend 
(Table S3). Control embryos showed a low rate of malformation, 3.7%, 
and anomalies consisted of a moderate and diffused swelling. In pres
ence of DLZ, the percentages of malformations raised to 21.3% after 1 
µg/L exposition and to 62.0% and 69.0% in embryos exposed to 5 or 10 
µg/L. 

Different types of malformations were common to the three dosages 
used, albeit with different frequencies (Table S3). Diffuse edema was the 
most common (61.5 to 74.2%), a condition making it impossible to 
distinguish the cephalic from the abdominal region (Fig. 2E, F). The 
head edema was the second most represented abnormal condition (16.1 
to 38.5%) where, although the presence of abdominal swelling (Fig. 2C, 
D), the cephalic area was distinguishable (Fig. 2C, D). A bent tail con
dition was also occasionally observed (9.7%) but only in 5 µg/L embryos 
(Fig. 2H). 

In control embryos the intestine appeared well organized, properly 
convoluted (Fig. 2B); in contrast, in DLZ treated embryos it appeared 
immature (Table S3), misfolded, apparently elongated, and/or dilated 
(Fig. 2D-F), often with clearly anomalous loops (Fig. 2F). The edema was 
frequently so consistent to cause an outbreak of the abdominal wall, 
with consequent extrusion of part of the intestine (Fig. 2G). In embryos 
with the bent tail condition, the immaturity of the intestine folding was a 
constant condition (Fig. 2H). 

Body alterations were often accompanied by an alteration in the 
presence and/or distribution of the dorsal pigment (Fig. 2C, E) if 
compared to the control (Fig. 2A). 

3.2. Retinal defects 

The microscopic analyses of the control eyes (Fig. 3A) showed a 
typical differentiating retina. Ganglion cells (GCL) were organized in a 
monolayer, the inner plexiform layer (IPL) appeared a thick and dense 
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Fig. 1. Mortality and length in Xenopus laevis embryos exposed to delorazepam. (A) Mortality percentage significantly increases at all the concentrations and in all 
stages examined. Chi-square test for trend p<0.0001. (B) Significant growth retardation in embryos exposed to 10 µg/L if compared to control and 1 µg/L mean 
length. Chi-square test for trend p<0.05. Data are means ± SD; total number of embryos examined (n); Statistic Unit = 12. * p<0.05; **p<0.01; ***p<0.001. 

Fig. 2. Altered phenotypes in Xenopus laevis embryos exposed to delorazepam. (A) Dorsal and (B) ventral view of control embryo displaying the typical gross 
morphology with spiralized intestine (arrowhead). Notice the correct distribution of the dorsal pigment (black arrow); (C) Dorsal and (D) lateral view of embryos 
after exposition to delorazepam; head (arrow) and abdominal (dot arrow) edema, immature intestine (arrowhead), and reduced dorsal pigment (black arrow). (E-F) 
Lateral view of diffuse edema (arrow) with the presence of an immature intestine (arrowhead) and increased dorsal pigmentation (black arrow); (G) Leaking of the 
intestine (arrowhead) following the outbreak of abdominal edema; (H) Bent tail condition (asterisk) with immature intestine (arrowhead). Bar = 1.25mm. 
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reticulum of fibrils. The inner nuclear layer (INL) was multilayered, with 
tightly packed cells among which Muller cells were recognizable by the 
denser cytoplasm. The outer plexiform layer (OPL) was barely visible 
below a thick outer nuclear layer (ONL). It was characterized by the 
presence of large oil droplets, in the inner segment of cones photore
ceptors, and by the contact with a regular pigmented epithelium. After 
exposure to DLZ, the thickness of the different layers (Fig. 3E) and cells 
size (Fig. 3F) significantly increased. At the environmental concentra
tion of 1 μg/L, GCL and INL are thicker, ganglion cells and inner nuclear 
layer cells are larger and disarranged (Fig. 3B) if compared to controls. 
Increasing the dose to 5 μg/L (Fig. 3C) or 10 μg/L (Fig. 3D) caused a 
further dose-dependent increase in cells diameters (Fig. 3F) and layers 
thickness (Fig. 3E). This latter alteration was particularly evident in 

GCL, becoming multilayered, and in OPL, becoming distinguishable 
between INL and ONL. Significant changes are also observed in cells 
organization. In the INL, cells appeared loosely arranged and Muller 
cells increased in number, especially at 10 μg/L treatment. As a conse
quence, the retina appeared disorganized (Fig. 3C, D), thicker and the 
volume of the vitreous chamber markedly reduced (Fig. 3B-D). More
over, oil drops were more numerous, bigger, and dispersed in the entire 
retina (Fig. 3B-D). No significant morphological changes were detected 
in the inner plexiform layer (IPL). 

3.3. Bradycardia and impaired swimming performance 

No differences were registered in the heartbeat rate between control 

Fig. 3. Histological section of the retina of Xenopus laevis embryos treated with delorazepam. (A) Control; typical retinal organization with a monolayered GLC, an 
INL with dispersed Muller cells (white arrows), and oil drops in inner segments of cones (black arrows). Vitreous chamber (asterisk). (B-C) Increase in GCL, INL, and 
OPL thickness and marked decrease of the vitreous chamber (*). (D) GCL is multi-layered, the INL loosely organized with increased Muller cells (white arrows) and oil 
droplets (black arrows). (E and F) Dose-dependent increase in retinal layers thickness and retinal cells diameters in GLC, INC, and OPL. Data are means ± SD; 
**p<0.01; ****p<0.0001. 

Fig. 4. Heart rate and swimming performance in Xenopus laevis embryos exposed to delorazepam. (A) Dose-dependent bradycardia in embryos exposed at 5 and 10 
µg/L. Chi-square test for trend p<0.0001. (B) Dose-dependent decrease in swimming speed of the treated embryos. Chi-square test for trend p<0.0001. (C) Sig
nificant increase in time spent resting (freeze) during the 60-second trials. Chi-square test for trend p=0.0042. Data are reported as means ± SD; total number of 
embryos examined (n); *p<0.05; **p<0.01; ****p<0.0001. 
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embryos and embryos exposed to 1 µg/L DLZ: in both groups, an average 
frequency of 65 beats per minute was reported. A statistically significant 
decrease was observed in embryos exposed to 5 and 10 µg/L in which the 
average frequency reduced to 61 beats per minute (p <0.001; Fig. 4A). A 
significant decrease was also observed among the treaties (p<0.01). 

Under normal conditions, swimming was inconstant, characterized 
by a burst in which the average speed was 2.85 ± 1.44 cm/s (Fig. 4B). 
The activity was followed by a short period of stasis during which the 
embryos were completely steady (Fig. 4B). However, when stimulated, 
the embryos immediately started moving. In the treated embryos, the 
average speed progressively and significatively decreases with 
increasing DLZ dosage: from 0.79 ± 0.42 cm/s at the environmental 
concentration (p<0.0001), to 0.62 ± 0.41 at 5 µg/L (p<0.0001) to 0.55 
± 0.36 at 10 µg/L (p<0.0001). A significant decrease was also observed 
between embryos treated with 1 µg/L and 10 µg/L (p<0.01). In addition, 
during the stasis, a prolonged stimulus was needed to restart the animal 
and, when swimming was finally resumed, it was slower. 

Even the rest times, if compared to the controls (average 4 s every 60 
s of activity), increased considerably after DLZ exposure, no matter the 
dose, lasting on average 41 s (Fig. 4C). 

3.4. Altered genes expression 

Results indicated that DLZ at the environmental dose of 1 µg/L 
induced a significant downregulation of bmp4 and egr2 (p<0.001), fgf8 
(p<0.01), and pax6 (p<0.05). At 5 µg/L, bmp4 and fgf8 were normally 
expressed while rax1 (p<0.0001) and egr2 (p<0.001) were overex
pressed and sox9 and pax6 significantly downregulated (p<0.0001). The 
highest dose of 10 µg/L induced overexpression of bmp4 (p<0.0001), 
egr2 and rax1 (p<0.0001) while sox9 and pax6 remained downregulated 
(p<0.0001). fgf8 levels were not modified (Fig. 5A). 

Pro-inflammatory tnfα and il1b genes were already over-expressed at 
1 µg/L (p<0.01 and p<0.0001), further increasing at the higher dosages 
(p<0.0001). p65 showed a slight increase in expression at 1 and 5 µg/L, 
significantly raising at 10 µg/L (p<0.05). For the abcb1 gene, the 
expression showed a gradual increase up to 5 µg /L (p<0.0001) and a 
decrease at 10 µg/L (p<0.0001) (Fig. 5B). 

3.5. ROS content, oxidative damage of lipids, and antioxidant enzymes 
activity 

ROS content significantly increases after exposure to delorazepam 
with the highest levels registered in 5 μg/L and 10 μg/L treatments 
(Fig. 6A). Treatments also induce a dose-dependent increase in lipid 
hydroperoxides levels (Fig. 6B). Both glutathione peroxidase (Fig. 7A) 
and glutathione reductase (Fig. 7B) activities increased after DLZ 
exposure, raising to the highest levels at 10 µg/L. In addition, all treated 
groups showed increased susceptibility to oxidants, particularly in the 
presence of a maximum concentration of delorazepam (Fig. 7C). The 
cytochrome oxidase activity (COX) remained unaffected by treatment 
with delorazepam (Fig. S1). 

4. Discussion 

Data collected demonstrate that DLZ profoundly influences early 
development in Xenopus. The benzodiazepine is confirmed sedative 
(Hollis and Boyd, 2005), as indicated by decreased heart rate and 
reduced locomotory performance, two effects depending on binding to 
GABA receptors of central nervous system (Zahner et al., 2007; Hollis 
and Boyd, 2005). DLZ is also confirmed teratogenic and able to alter 
gene expression (McElhatton, 1994; Pasbakhsh et al., 2013) and cause 
oxidative stress. 

Concerning morphological anomalies, in mammalian embryos, BDZs 
reduce birth weight and affect head development, eyes, ears, brain, and 
mouth in particular (Pasbakhsh et al., 2013; Tandon and Mulvihill, 
2009). In Xenopus embryos, the head gross morphology was apparently 
normal but the expression of developmental genes controlling neurula
tion, sox9, egr2, pax6, and rax1, was altered suggesting interference with 
nervous system development. In particular, the altered expression of 
sox9 suggests a dysregulation of neural plate cells multipotency (Scott 
et al., 2010) while the altered expression of egr2 indicates an alteration 
in Schwann cells development (Duong and Svaren, 2019). Altered pax6 
indicates potential interference with telencephalon dorso-ventral and 
anterior-posterior patterning, with the specification of neuronal sub
types, neuronal migration and axonal projection (Matsumoto and 
Osumi, 2008). 

The hypothesis of DLZ induced nervous system damage is supported 

Fig. 5. Changes in gene expression in Xenopus laevis embryos exposed to delorazepam. (A) Early developmental genes expression was always downregulated at 
environmental doses, and up or downregulated at higher doses if compared to control expression. (B) Pro-inflammatory cytokines and abcb1 genes tend to be 
overexpressed in the treated embryos. Data are means ± SD. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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by two further pieces of evidence. The first is the observed changes in 
pigmentation, a process also depending on sox9 and egr2: the former 
controls neural crest cell differentiation (Tussellino et al., 2016) and 
melanocytes number while the latter controls melanocytes distribution 
in the skin (Aoki et al., 2003). The second evidence is DLZ interference 
with retinal development. The downregulation of sox9 and pax6 can be 
responsible for the observed alteration in the organization of the inner 
plexiform and ganglion cells layers, the two in which GABAa receptors 
were already expressed at the time of treatment (Soklnick et al., 1980). 
The action would have been exerted by interfering with retinal pro
genitors’ fate (Hsieh and Yang, 2009). Further investigation is necessary 
to prove the interference and to test nervous system development and 
functionality; however, anomalies similar to those observed in Xenopus 

were already registered in lizard embryos exposed to cadmium. In this 
species, retinal damage and pax6 dysregulation were associated with 
anomalies in the mesencephalic roof, due to changes in rate and time of 
cell proliferation (Simoniello et al., 2014). 

Eye damages were not particularly severe but together with altered 
oil droplets size and distribution can prelude to aniridia, cataracts, or 
corneal defects (Nakayama et al., 2015) and impaired visual perfor
mance. Not to neglect the fact that ganglion cells normally produce a 
neuroactive steroid controlling the inhibitory transmission (Guarneri 
et al., 1995). DLZ might have interfered with its release or function, 
therefore opening a number of new research questions. 

Data from the retina are particularly interesting also for another 
aspect. pax6 under expression accounts for the observed anticipation of 

Fig. 6. Analysis of ROS content and oxidative damage to lipids in Xenopus laevis embryos homogenates. (A) ROS production increases at the environmental dose and 
raises further after 5 and 10 µg/L treatments. (B) Dose-dependent increase of the lipid hydroperoxides levels. Chi-square test for trend p<0.0001. Data are means ±
SD. Total number of embryos examined (n); Statistic Unit = 12. *p<0.05; **p<0.01; ***p<0.001. 

Fig. 7. Activities of glutathione peroxidase GPX (A) and reductase GR (B), and in vitro susceptibility to oxidants ΔHP (C) in Xenopus laevis embryos homogenates. A 
dose-dependent increase is noticed for all parameters analysed. Chi-square test for trend p<0.0001. Data are means ± SD. Total number of embryos examined (n). 
Statistic Unit = 12. *p<0.05; **p<0.01; ***p<0.001. 
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retinal precursors differentiation (Philips et al., 2005) and, in particular, 
for the increased number of differentiating Muller cells (Zhu et al., 
2013). However, it does not explain the increased thickness of the 
ganglion cells layer. The observed effects can be attributed to increased 
proliferation, but this usually relates to a pax6 overexpression (Simo
niello et al., 2014). A suggestive hypothesis comes therefore from these 
contrasting data: that DLZ has different, region-specific effects in the 
retina mimicking what is already demonstrated in the brain (Musavi and 
Kakkar, 1998). 

Evidence of DLZ teratogenicity also comes from gut deformities. Very 
frequent and particularly evident, they are indicative of a delayed 
winding of gut loops (Chalmers and Slack, 1998), a common response in 
Xenopus embryos intoxication (Carotenuto et al., 2022). Delay can be 
associated with the observed over-expression of bmp4, a gene involved 
in gut specification, regionalization, and differentiation (Fu et al., 2006). 
Based on this evidence, exposed Xenopus embryos would not feed 
properly, and the reduced size would support the hypothesis. The 
smaller size of treated embryos however can also depend on the altered 
expression of fgf8, a gene involved in embryonic axes determination and 
elongation (Dorey and Amaya, 2010). 

Coming to the causes of the observed alterations, they are probably 
multiple and interconnected. Oxidative stress certainly has a primary 
role as both cause and effect. No information is available on DLZ but 
another benzodiazepine, the diazepam, has proven pro-oxidative effects 
(Musavi and Kakkar, 1998). ROS production can activate the MAPK 
signaling pathways, which further activates several inflammatory cy
tokines (Park et al., 2011). In Xenopus embryos, overexpression of tnfα, 
il1b, and p65 is registered which explains edema and developmental 
changes. In addition, ROS acts as a second messenger and, by regulating 
key transcription factors, both positively and negatively can affect cell 
signaling, proliferation, and death affecting embryonic development 
(Dennery, 2007). Is not a case that ROS represents a very early and 
sensitive biomarker of amphibian developmental toxicity (Rizzo et al., 
2007). 

Another factor must be taken into consideration: the benzodiazepine 
peripheral receptors or PBR/TSPO, a transmembrane protein located in 
the outer mitochondrial membrane. The TSPO binds benzodiazepines 
with micromolar affinity, is evolutionary highly conserved (Bonsack and 
Sukumari-Ramesh, 2018), is present in all tissues, and is already 
expressed in embryos (Papadopoulos et al., 1997). The receptor controls 
growth and differentiation, gene expression (Yasin et al., 2017) and the 
immune response (Betlazar et al., 2020). All these effects are compatible 
with the effects observed in X. laevis embryos. In addition, being oxygen 
sensor, TSPO can control ROS production and mitochondrial function
ality (activity), thus contributing to oxidative stress production. 

TSPO, by controlling mitochondrial functionality control cell bio
energetics (Betlazar et al., 2020), and, as a consequence, is a potential 
responsible for the reduced embryo motility (Alelwani et al., 2020). 
However, cytochrome oxidase activity, in vitro correlating to the 
maximum aerobic capacity of the tissues, did not change in DLZ treated 
embryos. Therefore, the observed decreased heart rate and reduced 
locomotory performance would depend exclusively on a drop in blood 
pressure and sympathetic nerve activity induced by DLZ potentiation of 
GABAergic inhibition (Zahner et al., 2007; Snyder et al, 2000). As ex
pected, the increase in ROS triggered a protective response. 

As in other species, Xenopus embryos activated low molecular weight 
antioxidants and antioxidants enzymes, such as GPX and GR. Gluta
thione reductase catalyzes the reduction of glutathione disulfide (GSSG) 
to the sulfhydryl form glutathione (GSH), which is a critical molecule in 
resisting oxidative stress and maintaining the reducing environment of 
the cell. The enzyme glutathione peroxidase utilizes reduced glutathione 
to neutralize hydrogen peroxide and lipid hydroperoxides (Napolitano 
et al., 2021). These enzymatic activities have been reported to increase 
after diazepam exposure (Ogueji et al., 2017). However, the antioxidant 
enzyme activity was not sufficient to counteract the DLZ-induced in
crease in ROS level. Indeed, in Xenopus embryos, the capacity to face in 

vitro oxidative stress was reduced in DLZ treated animals, especially at 
the higher concentrations. This could explain why, though different DLZ 
concentrations increase ROS content to the same extent, at the higher 
DLZ concentrations oxidative damage was more consistent. On the other 
hand, the reduced capacity to face in vitro oxidative stress at the highest 
DLZ concentration can depend on the reduced expression of the abcb1 
gene, a member of the ABC cassette multi-xenobiotic pump involved in 
detoxifying mechanisms and, in the extrusion from the cells of unmod
ified exogenous compounds (Guo et al., 2020). 

5. Conclusion 

Data evidentiate that benzodiazepines such as delorazepam if 
released in the environment, interfere with amphibians’ embryos 
development. Morphological, behavioral, and molecular alterations are 
induced, and these significantly impair embryo survival. Oxidative 
stress is certainly involved but up to now, it is unclear if ROS is a cause or 
a consequence of the observed alterations. Most probably the effects 
depend on a synergic action of ROS, GABA, and TSPO receptors but only 
further studies will fully clarify the delorazepam way of action. The 
relevance of the observed effects indicates that immediate attention 
must be paid to this class of contaminants and that they should be 
monitored during environmental risk assessment. 
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