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Water contamination by delorazepam induces epigenetic defects in the embryos of the clawed frog Xenopus laevis
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Introduction

Benzodiazepines (BZDs) are the most used psychotropic drugs for the treatment of anxiety and insomnia. It has been estimated that they are used by about 2-7.5% of the general population and, among these, more than half are long-term users (>3 months) [START_REF] Lugoboni | Does high-dose benzodiazepine abuse really produce liver toxicity? Results from a series of 201 benzodiazepine monoabusers[END_REF]. Dependence, in fact, develops in nearly half of the patients who use them for at least 1 month. The harm deriving from their assumption is still underestimated: wide disparities are present between clinical indications for rational use and their real-life use. The tendency to abuse and misuse these drugs [START_REF] Votaw | The epidemiology of benzodiazepine misuse: A systematic review[END_REF][START_REF] Shah | Benzodiazepine interaction with COVID-19 drugs[END_REF] has increased in the last two years: COVID-19 and the ongoing war caused a spike in depression, insomnia, and post-traumatic stress disorders, and a consequent dramatical increase in BZDs consumption [START_REF] Sarangi | Benzodiazepine Misuse: An Epidemic Within a Pandemic[END_REF][START_REF] Mattiuzzi | Benzodiazepines consumption may have increased during the COVID-19 pandemic[END_REF], also by that part of the population who generally had never used them before.

After the assumption of the active principle, unmetabolized molecules and their metabolites are excreted into sewage treatment plants, whose inefficiency in the total elimination of these compounds is well known [START_REF] Patel | Pharmaceuticals of Emerging Concern in Aquatic Systems: Chemistry, Occurrence, Effects, and Removal Methods[END_REF]. Benzodiazepines are exponentially detected in most sewage, surface, and coastal waters, of all industrialized countries, especially in hospital effluents [START_REF] Cunha | Environmental risk assessment of psychoactive drugs in the aquatic environment[END_REF][START_REF] Pereira | Selected Pharmaceuticals in Different Aquatic Compartments: Part I-Source, Fate and Occurrence[END_REF] at concentrations ranging from nanogram to microgram per liter [START_REF] Hernando | Trace-level determination of pharmaceutical residues by LC-MS/MS in natural and treated waters. A pilot-survey study[END_REF]. Accumulation induces adverse effects on living organisms, especially in freshwater habitats, due to bioaccumulation, behavioral changes and modulations in genes expression and enzymes [START_REF] Nunes | Are there pharmaceutical compounds in sediments or in water? Determination of the distribution coefficient of benzodiazepine drugs in aquatic environment[END_REF]Fogliano et al., 2022a;Fogliano et al., 2022b). Anyway, we are still unaware of how these trace levels in the environment can indirectly affect humans.

Increasing evidence shows that the epigenotoxic effects of emerging pollutants, represented by DNA methylation and demethylation, are significant in the assessment of water safety [START_REF] Hu | Epigenetic response profiles into environmental epigenotoxicant screening and health risk assessment: A critical review[END_REF].

It is known that exposure to environmental contaminants such as persistent organic pollutants, volatile organic compounds, endocrine-disrupting chemicals, and heavy metals can trigger unintentional alterations in DNA methylation in cells and living organisms in vivo [START_REF] Hu | Epigenetic response profiles into environmental epigenotoxicant screening and health risk assessment: A critical review[END_REF][START_REF] Burgio | Environmental Carcinogenesis and Transgenerational Transmission of Carcinogenic Risk: From Genetics to Epigenetics[END_REF][START_REF] Hou | Environmental chemical exposures and human epigenetics[END_REF]. Therefore, DNA methylation patterns, including global and gene-specific DNA methylation, are being widely applied to explore the epigenetic responses of living organisms to external environmental conditions and pollution. The effects of pharmaceuticals have been largely neglected so far although it is well-known that they can exert persistent epigenetic changes in patients [START_REF] Csoka | Epigenetic side-effects of common pharmaceuticals: a potential new field in medicine and pharmacology[END_REF][START_REF] Toth | Epigenetic Neuropharmacology: Drugs Affecting the Epigenome in the Brain[END_REF]. Benzodiazepines, in particular, are designed to affect cell pathways modulating signaling and gene expression [START_REF] Seo | Potential molecular and cellular mechanism of psychotropic drugs[END_REF], and chromatin remodeling is already a proven pharmacological effect [START_REF] Csoka | Epigenetic side-effects of common pharmaceuticals: a potential new field in medicine and pharmacology[END_REF]. Excessive DNA methylation leads to transcription silencing and gene inactivation, while reduced DNA methylation results in chromosomal instability [START_REF] Eden | Chromosomal instability and tumors promoted by DNA hypomethylation[END_REF][START_REF] Kandi | Effect of DNA Methylation in Various Diseases and the Probable Protective Role of Nutrition: A Mini-Review[END_REF].

Xenopus laevis is commonly used in ecotoxicological studies and, in a previous study, we reported an embryotoxic activity of delorazepam, which profoundly influenced early development by inducing mortality and malformation, together with increased oxidative stress and altered gene expression of early developmental genes (Fogliano et al., 2022a). In literature is reported that oxidative stress, in particular, seems to be directly involved in the epigenetic regulation of gene expression, specifically in controlling DNA methylation [START_REF] Franco | Oxidative stress, DNA methylation and carcinogenesis[END_REF][START_REF] Ding | JAK2 regulates mismatch repair protein-mediated epigenetic alterations in response to oxidative damage[END_REF] Therefore, in this study, we verified the potential epigenotoxic effect of the long-acting delorazepam (DLZ), benzodiazepine derivative of diazepam, on Xenopus laevis embryos after exposure to three environmentally relevant contamination levels. In particular, we first assessed global DNA methylation and, more specifically, also methylation pattern of the promoters of some master genes involved in early embryonic development (otx2, sox3, sox9 pax6, rax1, foxf1 and myod1). In addition, considering that methylation defects contribute to chromosomal imbalances [START_REF] Jones | Altered DNA methylation and genome instability: a new pathway to cancer?[END_REF][START_REF] Kandi | Effect of DNA Methylation in Various Diseases and the Probable Protective Role of Nutrition: A Mini-Review[END_REF], we also paid attention to the expression of DNA repair genes (gadd, rad51, mutL) and genes involved in proliferation/apoptotic pathways (p53, bax, c-jun,c-fos,).

Finally, based on the evidence that DLZ induces marked developmental defects (Fogliano et al., 2022a), we started a specific study to determine the level of methylation in the head, intestine, and tail tissues.

Materials and Methods

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. Fertilized eggs and embryos were obtained as described in Fogliano et al. (2022a). Embryo staging was according to Nieuwkoop and Faber (1956).

Embryos' treatment

As in Fogliano et al., 2022, three in vitro fertilizations were performed. For the treatments, a largely consumed pharmaceutical, containing the active principle delorazepam at a 1 mg/ml concentration, was diluted in FETAX solution in order to obtain a final concentration of 1 µg/L, 5 µg/L and 10 µg/L. Sibling embryos grown in FETAX solution were used as controls. The pH (7.4) of the solutions was checked daily. All embryos were exposed up to stage 45/46 in a static condition: solutions were not renewed, so as to determine the potentially embryotoxic effects of the active principle and/or its active metabolites. All the experiments were carried out at 21 °C, under a 12 h light: 12 h dark photoperiod.

DNA extraction

For DNA extraction, a pool of 10 embryos at stage 45/46 for each treatment/fertilization was used and performed according to the protocol described by Marques et al. (2017). Briefly, the embryo pellets were overlaid with 100 μL of lysis solution (10 mM Tris-HCl, 25 mM ethylene diamine tetraacetic acid (EDTA), 1% sodium dodecyl sulfate (SDS), 75 mM NaCl) in the presence of 0.2 mg/mL proteinase K, 50 mM DTT and 0.5 μg glycogen (Invitrogen, Cergy-Pontoise, France) and incubated overnight at 50 °C. DNA was isolated by standard phenol-chloroform extraction.

Global Methylation Level Luminometric Methylation Assay

Luminometric Methylation Assay (LUMA), a pyrosequencing-based method (Johansson et al., 2006), was used to test the global methylation level of each DNA sample, as previously described [START_REF] Congras | Sperm DNA methylation analysis in swine reveals conserved and species-specific methylation patterns and highlights an altered methylation at the GNAS locus in infertile boars[END_REF]. 500 ng of genomic DNA was digested by EcoRI-HF and by either HpaII or MspI (New England Biolabs, France). Enzymatic digestion of DNA was performed using 10 units of restriction enzymes and 4h of incubation to guarantee the efficiency of the reaction. Digestion efficiencies were checked on an agarose gel. Each digested DNA sample was then diluted in Pyromark Annealing Buffer (Qiagen, Hilden, Germany) and then pyrosequenced on a PyroMark Q24 sequencer (Qiagen; product no. 9001514) using PyroMark Gold Q24 Reagents (Qiagen; product no. 970802). The isoschizomers HpaII and MspI target the same DNA CCGG sequence. The peak height of C + G incorporation was normalized by the peak height of A + T incorporation to normalize for digestion efficiencies. The calculated ratio between the peak height of simultaneous C + G incorporations in HpaII and MspI digests is, therefore, representative of the DNA methylation level of the sample. The ratio is close to 1 when the sample is fully unmethylated.

Analysis of Promoter Region Methylation by Bisulfite Conversion and Pyrosequencing

Bisulfite conversion using 1 μg of control and treated DNA was performed using the EpiTect Bisulfite Kit (Qiagen, product no. 59104) following the manufacturer's instructions. Primer pairs designed by the PyroMark AssayDesign 2.0 software (Qiagen; product no. 9019062) on our sequences of interest (Table I) were used to amplify converted DNA using the PyroMark PCR kit (Qiagen; product no. 978703). We used 1 μl of bisulfite-converted DNA (50 ng) in 25 μl reaction volume, according to the manufacturer's instructions. The PCR program was: 3 min at 94°C followed by 45 cycles of 30 sec at 94 °C, 1 min at 60 °C for hybridization and 1 min at 72 °C for elongation, with a final extension of 10 min at 72°C. Amplicons were then pyrosequenced on a PyroMark Q48 Autoprep pyrosequencer (Qiagen; product no. 9002471 with the appropriate buffers and solutions (Qiagen; product no.

974022))

. The reverse primers were biotinylated for all amplified regions in order to allow the PCR product purification by binding on Streptavidin-coated sepharose magnetic beads (Qiagen, 974203).

Each analyzed region was assayed on biological triplicates. The methylation percentage per CpG was then obtained by calculating the mean of all replicates that passed the control quality of the Pyromark Q48 software. The average methylation percentage of all CpGs analyzed in a given region was computed for each individual. 

Gene

Statistical Analysis

For global methylation, differences in global methylation levels were assessed by a t-test. For promoter methylation, groups were compared using a permutation test for k-independent samples (Monte-Carlo sampling of 100,000 permutations, coin R package) followed by pairwise comparisons (1000 permutations; Benjamini-Hochberg correction).

Results

Effect on global DNA methylation

The mean global DNA methylation showed a significant, dose-dependent, increase from 44.7% in controls, to 47.2% in embryos treated with 1 µg/L, to 52.8% and 55.3% respectively for embryos treated with the two higher concentrations (p<0.001; p<0.0001). 

Effects on the methylation status of the promoter region of early development genes

The analysis covered from 2 to 8 CpGs of the promoter of each gene. Most CpGs of otx2, pax6, foxf1 and myod1 resulted significantly less methylated in embryos exposed to 5 or 10 µg/L, with respect to promoters of controls and embryos exposed to 1 µg/L (fig. 2). In contrast, all treated embryos displayed hypermethylation of CpGs located on the promoters of sox3, sox9 and rax1. 

Proliferation and genomic instability

For p53, treatment with DLZ induces significant overexpression at the environmental concentration, higher at the intermediate concentration (p<0.0001), with a significant decrease at the higher concentration if compared to 5 μg/L and control (p <0.05). A similar trend is also observed for bax, even if a significant increase is noted only starting from the intermediate concentration (p <0.0001), also in this case level decrease with the higher concentration, but still resulting overexpressed if compared to the control (p<0.01). For c-jun and c-fos on the contrary, an exponential increase in expression levels is observed, without decrement, in particular at 5 μg/L and 10 μg/L treatment (p <0.0001).

Regarding DNA repair genes, the situation is variable. For gadd and rad51, a general downregulation is observed, with very significant decrement at the two higher concentrations (p<0.0001) for gadd. mutL tends to be slightly over-expressed at the first two concentrations, with a decrease at the highest concentration. 

Discussion

Growing evidence suggests that the epigenome [START_REF] Burgio | Environmental Carcinogenesis and Transgenerational Transmission of Carcinogenic Risk: From Genetics to Epigenetics[END_REF]Ryu et al., 2015;Santangeli et al., 2016) fluctuate in response to environmental stressors (Vaudin et al., 2022), but the role exerted by pharmaceutical pollutants, and, in particular, by psychotropic drugs is still rather unknown. This is a quite surprising circumstance if it is considered that their pharmacological efficacy is linked to their epigenetic activities [START_REF] Csoka | Epigenetic side-effects of common pharmaceuticals: a potential new field in medicine and pharmacology[END_REF][START_REF] Boyadjieva | Epigenetics of psychoactive drugs[END_REF].

DNA methylation is the best-known DNA epigenetic modification (Moore et al., 2013). It has been associated with various diseases [START_REF] Van Vliet | Epigenetic mechanisms in the context of complex diseases[END_REF], altered development [START_REF] Anway | Epigenetic programming of the germ line: effects of endocrine disruptors on the development of transgenerational disease[END_REF], and environmental stress (Bollati et al., 2008), including exposure to contaminants (Vaudin et al., 2022). Embryogenesis, in fact, is an extremely critical period [START_REF] Wilkinson | Ecotoxic pharmaceuticals, personal care products, and other emerging contaminants: A review of environmental, receptor-mediated, developmental, and epigenetic toxicity with discussion of proposed toxicity to humans[END_REF], in which the DNA methylation pattern is susceptible to various interferences, with consequent disturb to cell differentiation and organogenesis, causing teratogenesis [START_REF] Szyf | The implications of DNA methylation for toxicology: toward toxicomethylomics, the toxicology of DNA methylation[END_REF] or even death. In our recent study (Fogliano et al., 2022a) delorazepam was proven to induce a dose-dependent increase in embryo malformation and mortality. In the same study, changes in gene expression were also demonstrated, thus prompting the present study in which epigenotoxic effects were investigated.

Results obtained confirm the hypothesis and reveal that significant hypermethylation of total DNA occurs in Xenopus embryos exposed to DLZ. In general, a correct DNA methylation pattern is essential for normal vertebrate development, therefore global demethylation and remethylation occur at specific stages during embryo development (Yan et al. 2022). In Xenopus, DNA methylation has a role in regulating the timing of gene activation at the midblastula transition (MBT): the high levels of methylation in the DNA of both oocyte and sperm are maintained in the early embryo but progressively decline during the cleavage stages. As a result, the Xenopus genome has its lowest methylation content at MBT and during subsequent gastrulation [START_REF] Stancheva | DNA methylation at promoter regions regulates the timing of gene activation in Xenopus laevis embryos[END_REF]. The global DNA hypermethylation, established as a result of the influence of the DLZ, would disturb the typical fine regulation of embryonic development, a time in which the different embryonic lineages are progressively and independently methylated to drive the correct differential development. An increase of DNA methylation in humans was already observed in response of environmental pollutant such as organic pollutants and dioxin [START_REF] Mcclure | Changes in DNA methylation and gene expression during 2,3,7,8-tetrachlorodibenzo-p-dioxin-induced suppression of the lipopolysaccharide-stimulated IgM response in splenocytes[END_REF][START_REF] Lind | Global DNA hypermethylation is associated with high serum levels of persistent organic pollutants in an elderly population[END_REF] and even associated with increased suicide attempts in psychiatric patients [START_REF] Murphy | Genetic variation in DNMT3B and increased global DNA methylation is associated with suicide attempts in psychiatric patients[END_REF].

Given that methylation events affect the entire genome, particular attention has been dedicated to methylation of promoters, one of the foremost mechanisms responsible for cell differentiation during embryogenesis, working by excluding from transcription the unwanted genes [START_REF] Oligny | Human molecular embryogenesis: an overview[END_REF]. Investigations showed that otx2, sox3, sox9, pax6, and rax1, genes involved in nervous system differentiation, presented CpGs significantly less or more methylated, endorsing the previously raised hypothesis of interference of DLZ on the nervous system development. In particular, the otx2 gene encodes a transcription factor essential for the normal development of the brain, cerebellum, and pineal gland and it is required for the neurogenesis of dopaminergic neurons in mesencephalon, also acting in the very first steps of ocular embryogenesis. In humans, OTX2 mutations are associated with microphthalmia and brain abnormalities [START_REF] Beby | The homeobox gene Otx2 in development and disease[END_REF]. Analysis of the otx2 promoter revealed many CpG sites that were significantly less methylated than the control, especially at higher DLZ concentrations, thus indicating less controlled expression. sox3, required for the initiation of neurogenesis and with a pivotal role in the establishment and subsequent development of the CNS, presented as well CpGs with differential methylation, mainly hypermethylated, compared to the control. A loss of sox3 expression is a critical event in eye formation [START_REF] Dee | Sox3 regulates both neural fate and differentiation in the zebrafish ectoderm[END_REF]. sox9, pax6, and rax1, genes controlling neurulation and with a central role in eye and retina formation, also displayed a misregulation of their promoter, represented by hypo and hypermethylated CpGs if compared to control, therefore confirming the altered gene expression previously highlighted (Fogliano et al., 2022).

Although there is no direct correlation between the degree of the CpGs methylation of the promoters and what will be the effective gene expression [START_REF] Siegfried | DNA methylation and gene expression[END_REF], what seems certain is the alteration and/or misregulation of these fundamental genes during the very early stages of development. These epigenetic alterations could be at the origin of the abnormal expression of these genes and support the teratogenic effect of DLZ explaining the increase of malformations e/o mortality observed in treated embryos (Fogliano et al., 2022).

Further support to this hypothesis is the strong hypomethylation of all CpGs in the promoters of myod1 and foxf1 genes, respectively implicated in the regulation of skeletal myogenesis and gut development: among the most evident morphological alteration, there was an incorrect development of the gut and abnormal tail conformation.

One of the possible explanations for the altered methylation pattern could be also found in the elevated ROS levels, previously shown to be dose-dependent increased in DLZ-treated embryos (Fogliano et al., 2022). ROS production is, in fact, associated with alterations in DNA methylation patterns, where once the changes in the ROS levels exceed the ability of cellular defense, abnormal hypo and hypermethilation occur [START_REF] Donkena | Oxidative stress and DNA methylation in prostate cancer[END_REF][START_REF] Hu | Metal contamination, bioaccumulation, ROS generation, and epigenotoxicity influences on zebrafish exposed to river water polluted by mining activities[END_REF].

It is known that methylation defects contribute to chromosomal imbalances and DNA instability. The phenotypic effects induced by long-lasting alterations in gene expression, in fact, can considerably promote cell cycle disorders, cell transformation, and stress-induced apoptosis (Lappalainen and Greally, 2017;Arechederra et al., 2018). Real-time PCR of Xenopus embryos treated with DLZ revealed modified expression of gadd, rad51, mutL, genes involved in DNA repair. In particular, gadd, rad51 and, to a lesser extent, mutL, were strongly downregulated, suggesting a negative effect on DNA repair mechanisms. Dysregulated DNA damage response can result in a number of cell fate possibilities, including continued proliferation under replicative stress associated with loss of cell cycle checkpoint regulation, increased genome instability, increased chromosome aberrations, mitotic slippage and aneuploidy. As a consequence of the loss of genome stability, the accumulation of mutations can induce a malignant phenotype [START_REF] Hoeijmakers | Genome maintenance mechanisms for preventing cancer[END_REF]. gadd gene is crucial for DNA damage repair and its abnormal expression was related to unusual cell proliferation (Liu et al., 2015;Peng et al., 2015;Zhang et al., 2020), while the attenuation of expression of rad51 and mutL, which plays a critical role in mismatch repair, was as well observed in many tumor cells [START_REF] Javid | DNA Mismatch Repair Deficiency Promotes Genomic Instability in a Subset of Papillary Thyroid Cancers[END_REF][START_REF] Bonilla | RAD51 Gene Family Structure and Function[END_REF].

Moreover, in DLZ-treated embryos, the master tumor suppressor gene p53, involved in arresting the cell cycle after DNA damage, and the pro-apoptotic bax [START_REF] Chen | Effects of cadmium on cell proliferation, apoptosis, and proto-oncogene expression in zebrafish liver cells[END_REF] were significantly upregulated at 1 µg/L and 5 µg/L concentrations. This is probably indicative of an attempt made by the embryo to attenuate the damage by eliminating damaged cells. The hypothesis is supported by the down-regulation of gadd and rad51, DNA repair genes. Classically, cells with damaged DNA are expected to arrest at the G2 checkpoint, and, if damage is not repaired, they are supposed to initiate apoptosis (Cejka et al., 2003). The hypotesis of possible attempt to reaction is endorsed by paradoxical expression of abcb1 gene, involved in detoxifying mechanisms, overexpressed at the same DLZ concentrations (Fogliano et al., 2022).

The reaction and defense mechanism probably actuated at lower concentrations is no longer effective to counteract the negative outcomes at the higher concentration of 10 µg/L, where a contemporary downregulation of the proapoptotic genes and DNA repair genes occurs (as well as abcb1 levels drastically decreased). The embryo mortality, at this concentration, was over 50% (Fogliano et al., 2022). The downregulation of apoptotic genes could be an indirect consequence of the inhibition of DNA repair mechanisms by DLZ, since the cells could not be stopped in G2, thus leading to an unmanageable situation. Another possible explanation comes from the dose-dependent increase in expression observed for c-fos and c-jun, which reach their maximum levels at the highest concentration. Both are members of AP-1 regulatory protein complex and once dysregulated, induce cell proliferation, differentiation, and malignant transformation. Their overexpression is typical of cells undergoing proliferation, and malignant differentiation [START_REF] Chen | Effects of cadmium on cell proliferation, apoptosis, and proto-oncogene expression in zebrafish liver cells[END_REF]Priyadarshini et al., 2019). Moreover, among the proto-oncogenes, they are known to be early response genes (IEGs), activated transiently and rapidly in response to a wide variety of environmental stimuli [START_REF] Murphy | A network of immediate early gene products propagates subtle differences in mitogen-activated protein kinase signal amplitude and duration[END_REF]. In light of these data, being in the embryogenetic phase, our results would indicate that at the higher DLZ dose, the embryos have scarce chance to repair the DNA and, therefore, maintain high levels of proapoptotic genes to eliminate the unrepairable cells and enough proliferative genes to substitute the death ones. Further information is necessary to understand what happens and an investigation clarifying the number and distribution of proliferating and apoptotic cells in the embryos would probably help.

The observed cell growth stimulation induced by DLZ, coupled with the inhibition of apoptosis and the deregulation of DNA repair expression could create a microenvironment for genomic instability which, ultimately, could lead to malignant transformation [START_REF] Chen | Effects of cadmium on cell proliferation, apoptosis, and proto-oncogene expression in zebrafish liver cells[END_REF]. gadd, rad51 and mutL abnormal expression was indeed related to unusual cell proliferation and observed in many tumor cells [START_REF] Javid | DNA Mismatch Repair Deficiency Promotes Genomic Instability in a Subset of Papillary Thyroid Cancers[END_REF][START_REF] Bonilla | RAD51 Gene Family Structure and Function[END_REF]Liu et al., 2015;Peng et al.,2015;Zhang et al., 2020). Overexpression of proto-oncogenes c-jun and c-fos has been found to be frequent in tumors [START_REF] Chen | Effects of cadmium on cell proliferation, apoptosis, and proto-oncogene expression in zebrafish liver cells[END_REF]Priyadarshini et al., 2019). This hypothesis would fit perfectly with several animal studies reporting the inhibition of apoptosis and stimulation of tumor cell proliferation induced by benzodiazepines [START_REF] Zhang | Benzodiazepine drug use and cancer risk: a dose-response meta analysis of prospective cohort studies[END_REF]. Moreover, the peripheral benzo receptors (PBR), with a pivotal role in the regulation of cell proliferation, are overexpressed in several types of tumors [START_REF] Beinlich | Relation of cell proliferation to expression of peripheral benzodiazepine receptors in human breast cancer cell lines[END_REF].

As postulated by [START_REF] Csoka | Epigenetic side-effects of common pharmaceuticals: a potential new field in medicine and pharmacology[END_REF], in addition to exerting effects by a purely pharmacological mechanism, many drugs also cause epigenetic changes that may or may not be beneficial. DNA methylation effects might be extremely teratogenic during embryogenesis, a critical period in which the DNA methylation pattern is highly susceptible to pharmaceutical interferences, as in the case of recognized teratogenic drugs strongly prohibited for pregnant women [START_REF] Van Gelder | Teratogenic mechanisms of medical drugs[END_REF].

The epigenetic changes introduced in the early stage of development might become noticed only later in life, transforming the adult health-related phenotype and, furthermore, abnormalities in DNA methylation caused by pharmaceutical drugs can produce defects in subsequent generations [START_REF] Szyf | The implications of DNA methylation for toxicology: toward toxicomethylomics, the toxicology of DNA methylation[END_REF]Sinclair et al. 2007).

Since most of the components of the methylation-mediated gene machinery are well conserved among Xenopus and humans [START_REF] Meehan | DNA methylation and control of gene expression in vertebrate development[END_REF], these results ring an alarm bell regarding the long-term human use of benzodiazepines. Tissue-specific investigations on head, gut and skeletal muscle are ongoing in order to ascertain and confirm the epigenetic effect more precisely. In the future, specific analyses will be carried out on the nervous system in order to highlight any abnormalities in the morphology and ultrastructure of the brain, and different and more specific tests will be able to determine the behavioral consequences of an altered CNS.

Conclusion

In this study, a direct epigenetic activity exerted by the benzodiazepine delorazepam, a drug widely used and thus found as an environmental contaminant, was demonstrated. Alteration of the global methylation pattern is probably one the upstream cause of the mortality and teratogenesis found in Xenopus laevis embryos developed in contact with this drug, whose direct intervention on the promoters of key genes in embryonic development has been demonstrated, thus confirming the hypothesis of direct interference in the embryo development. The evidence of genomic instability with a probable induction to uncontrolled proliferation draws on the dose and the timing of administration that could give unexpected outcomes for human health but also emphasizes the importance of the assessment of the epigenetic effects of pharmaceuticals before their release in the commerce, and epigenotoxic effects of pollutants in the evaluation of water safety.
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 11 Figure 1. DNA global methylation level of Xenopus laevis embryos treated with delorazepam (1 µg/L; 5 µg/L; 10 µg/L). Determination by Luminometric Methylation Assay (LUMA). ***p<0.001; ****p<0.0001.

Figure 2 .

 2 Figure 2. Methylation pattern in the promoters of early developmental genes of Xenopus laevis embryos exposed to increasing doses of delorazepam (1 µg/L; 5 µg/L; 10 µg/L). *p< 0.05; **p<0.01; ***p<0.001.

Figure 3 .

 3 Figure 3. Changes in the expression of genes involved in (A) apoptotic/proliferation pathways and (B) DNA repair mechanism, in Xenopus laevis embryos exposed to increasing doses of delorazepam (1 µg/L; 5 µg/L; 10 µg/L). p53 (5 μg/L vs 10 μg/L = *p<0.05). Data are means ± SD. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Table 1 .

 1 Primers used on sequences of genes of interest

		Oligo sequence	Position
			from the
			TSS (+1)
	otx2 FOR	GAGGAAAAGAAAGGTTGAATTGTAG	-332
	otx2 REV	ATATACAACTATAAACTCCACACCA	-230
	otx2 Seq	GAAAGGTTGAATTGTAGTT	
	sox3 FOR	TTGAATAGTGGAAGTGGAAAAGTTAAT	-253
	sox3REV	ACCCTCCTCCCCCCTAAACAAATATAAT	-200
	sox3 Seq	GTAGGGAGGATTTAATTTTT	
	sox9 FOR	GGAAGGGTATAAAAAGGGTATTGATT	-635
	sox9 REV	AAAACTAAACATTCATCTCCAATACAT	-545
	sox9 Seq	TTTAATGGTAGATATTGTTTTGAT	
	pax6 FOR	GTAGAATGAGGTTGGAAATAAGGTAGA	-480
	pax6 REV	TTCCTCTCCCCTCTTCAATACTAA	-400
	pax6 Seq	AGAGAGAGAGATATTTTTTTG	
	rax1 FOR	AGTTGTGGAAGTTTTGAAATATTTG	-705
	rax1 REV	TAACCCATTACATTAAATTTCATACACTTC -650
	rax1 Seq	GTTTTTAATAGTAAAGTGTTTAAGT	
	foxf1 FOR	TGGTTAAGGGGGAGTGTTT	-220
	foxf1 REV	ACTACTCCACCTCCAACTTCTAAATTATAC -70
	foxf1 Seq	AGTAGAAGGGGGGTT	
	myod1 FOR	ATTAATTAGGGAATTAGTATTTGGTTTTG	-740
	myod1 REV	AACCTCTTCTACCCCAAATAT	-670
	myod1 Seq	ATTTGGTTTTGATTTTTTAGTAATA	

2.4 RNA isolation and gene expression quantification Total

  

RNA was extracted from a pool of 6 whole embryos from each treatment/fertilization with the Direct-zol RNA Mini Prep kit (ZymoResearch, Irvine, CA, USA) and used for cDNA synthesis using the SuperScript Vilo cDNA synthesis kits (Life Technologies Massachusetts, USA). Primers used are listed in

Table 2 .

 2 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. β-actin was adopted as the endogenous control. The magnitude of change in gene expression was determined by the 2 -ΔΔCt method ofLivak and Schmittgen (2001).

	Gene	Oligo sequence
	actin for	ATTGAGCCACCAATCCAGG
	actin rev	ACAAGTGTTGGAATGTGCG
	c-jun for	TGTGTGCGGGAAGTCCT
	c-jun rev	ACCTAGTGTCTCTAGCAGTTTAACC
	c-fos for	CTCATGCCGGTGCTGG
	c-fos rev	CTGGGTATGTGAAGACAAATGATGTT
	p53 for	GGTTCGAGTGTGTGCCTG
	p53 rev	CGCCCCTTAATCCGCAA
	bax for	AAGCAAGGGGAAGGCG
	bax rev	CGGGTCACTCTGTTGGG
	gadd for	AAGACAATCAGGATGTCGCT
	gadd rev	CCTTGATCTGTAATTCATGTGGGT
	rad51 for	ATTCCTATGCAATGGCCGT
	rad51 rev	GGCGCTTGCCTCCAGTAA
	mutL for	TATGAGGACTGAGAAAACAGAAGCA
	mutL rev	AGTTACAAACACTTGGAGCTGAT

Table 2 .

 2 List of primers used to perform the Real-Time PCR