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Abstract

:

Environmental pollutants may cause adverse effects on the immune system of aquatic organisms. This study revealed that combination of environmental pollutants and Bisphenol A(BPA) could cause an acute inflammatory response in zebrafish larvae as shown by body alterations, which may imply a common immunotoxicity mechanism for most environmental pollutants. In the present study we evaluated the toxicity after co-exposure of BPA and Cd or Cr (III) in zebrafish embryos and larvae, and the oxidative stress pathway involved. Evaluation of lethal and developmental endpoints such as hatching, edema, malformations, abnormal heart rate and survival rate were evaluated after 96 h of exposure. Combination of BPA at 10 μM with Cd or Cr at 0.5 μM exposure induce malformations at 96 hpf in zebrafish larvae, as well as significantly increases oxidative stress and induce apoptosis on larvae. Our study suggested how environmental pollutant showed a synergistic effect at common not-effective doses, promoting decrease of antioxidant defense and contrasted fish development.
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1. Introduction


Endocrine-disrupting chemicals (EDCs) are molecules with a structural similarity with endogenous hormones, that can alter hormone biosynthesis, excretion or biodegradation. Environmental exposures to high levels of EDCs can result in alterations to biological homeostasis. In recent years, numerous classes of chemical compounds have been identified as endocrine disruptors, and their widespread presence in the environment has increased concerns for wildlife and consequently for humans.



Bisphenol A (BPA) is a building block of polycarbonate plastics and is used heavly in the production of consumer products including food containers (toys, water pipes, or medical tubing. In addition, BPA can be found in epoxy resins and store receipts, as it is an additive in thermal paper [1,2,3]. Since BPA is heavily present in consumer products, it is one of the highest produced chemicals in the world with approximately comsumption reaching 7.7 million metric tons in 2015, with a projection for 2022 of 10.6 million metric tons [4]. In the early 2000s, Asian markets saw an increase in demand for BPA, polycarbonate and epoxy resin, which has led to an increase in BPA contamination over the years [5].



Many industrial and household chemicals are disposed of in aquatic environments, including bisphenols, leading to health impacts for a range of aquatic animal species. Several studies have focused on BPA exposure to fish, with particular attention to development and sexual function [6,7]. However, the effects of toxic exposure to BPA, on fish development, have only been reported at concentrations greater than those found in natural environments [8,9].



Natural environments can be filled, not only with chemical compounds such as EDCs, but also with other types of contaminants such as heavy metals. Heavy metals in different environments arise from natural sources such as erosion, volcanic activity and forest fires, raising great concern to aquatic environments, reaching through contaminated sediments, wastewater or oil spills [10]. Their persistence and bioaccumulation may cause adverse effects in the development, growth, and reproduction of various aquatic organisms [11,12]. Several branches industries frequently use both Cadmium (Cd) and Chromium (Cr), for example batteries, cast iron, metal finishes and others, resulting in massive releases of them into the environment by different pathways. [13,14]. Indeed, high levels of Cd and Cr were observed in the waterborne and sediment especially in developing countries. Elevated levels of dissolved Cd and Cr have been detected in freshwater, ranging from 10 to 500 ng/L, and in some industrialized areas can reach as 1 mg/L [15,16]. Previous studies have shown that Cd and Cr can cause hepatotoxicity and nephrotoxicity, as well as disrupt the endocrine systems of many aquatic organisms. Underlying the multiple toxic effects of Cd and Cr there is the involvement of the oxidative stress pathway and the consequent decrease of the antioxidant defenses [17,18]



Prolonged exposure to heavy metals can induce oxidative stress resulting in increased production of reactive oxygen species (ROS). An increase in ROS production, which have different targets (such as proteins, lipids or DNA) can lead to several diseases, as well as cell death and aging. Previous studies have shown that exposure to BPA can result in increased oxidative stress in the liver of male rats [19]. In addition, BPA-induced oxidative stress has also been seen in zebrafish models, through biochemical analyses with antioxidant markers and phosphatase [20]. In oxygen-consuming organisms, antioxidant enzymes play a key role in the first line of defense. Among the various antioxidant enzymes, an important role is played by the superoxide dismutase (SOD). ISOD converts the superoxide anion (O2ࢤ) into hydrogen peroxide (H2O2), which is then converted into H2O and O2 by another important antioxidant enzyme the catalase (CAT). In several aquatic organisms, such as mollusk, fish and polychaete, the effects of xenobiotics on SOD and CAT enzymes expression have been ascertained [21,22,23,24,25,26]. Furthermore, it has been seen that heavy metals can cross the blood-brain membrane, accumulating at the brain level where they can cause damage induction and apoptosis [27,28,29]. In this regard, these enzymes can be used as biomarkers of oxidative stress induced by environmental contaminants [27].



As a model of drug screening in recent years is being used a lot the zebrafish (Danio rerio). Zebrafish model is useful not only for their short generation time and low costs, but also due to the high size of the clutch in the embryonic and larval stages, and their optical transparency that allows the visualization of pathogens and lesions in real time [30]. In the present study, we investigated the acute toxicity of two heavy metals (Cd and Cr) and an EDCs (BPA) in zebrafish larvae. Furthermore, we analyzed the transcriptional modulation of stress oxidative and apoptotic pathway after exposure the xenobiotic BPA alone and in combination with heavy metals contaminants at various concentration.




2. Materials and Methods


2.1. Zebrafish Maintenance and Embryo Collection


Zebrafish Maintenance and Embryo Collection of fertilized eggs were provided from the Center of Experimental Fish Patology (Centro di ittiopatologia Sperimentale della Sicilia, Messina, CISS), University of Messina, Italy. Eggs were collected and selected within 4 h post fertilization (hpf) under a stereomicroscope (Leica M0205C, Multifocus, Wetzlar, Germany). All embryos were derived from the same spawns of eggs.




2.2. Dose Preparation and Exposure Protocols


The Cadmium chloride (CdCl2) (Cas Number: 654054-66-7) and potassium dichromate (K2Cr2O7) (CAS Number: 7778-50-9) (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in distilled and deionized water to produce a 10 mM stock solution. The 100 mM stock solution of BPA (CAS 80-05-7) (Sigma-Aldrich, St. Louis, MO, USA) was obtained by dissolving BPA powder in dimethyl sulfoxide (DMSO) at 0.01% (v/v). (Sigma-Aldrich, St. Louis, MO, USA). BPA in the stock solution was diluted with 0.01M phosphate buffered saline (PBS, pH 7.0) and further diluted with Embryo medium (15 mM NaCl, 0.5 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 0.15 mM KH2PO4, 0.05 mM Na2HPO4, 0.7 mM NaHCO3 a pH 7.3) to the tested concentrations (10 and 50 μM). Before application, both stock solutions were diluted in fresh embryo culture medium to generate the final concentrations needed (0.5 μM Cd and Cr, 10 and 50 μM BPA).




2.3. Fish Embryo Toxicity (FET) Test


Fish Embryo Toxicity (FET) test was performed according to OECD [31] and ISO 15088. Zebrafish embryos exposed to BPA concentrations (10 and 50 μM), and after BPA 10 μM in combination with 0.5 μM of Cd and Cr in 1mL of freshwater for 4–96 h post-fertilization hpf were measured for toxic effects of a continuing observation period. All the solutions were renewed, and embryonic/larval mortality and hatching rate were evaluated every 24 h, while the heart rate was measured at 96 hpf. As we described in previous paper [32], healthy embryos were placed in 24-well culture plates (1 embryo in 1ml solution/well). Each group had 20 embryos and each experiment was replicated three times. During the exposure period, photographs of the embryos were made under a stereomicroscope (Leica M0205C, Multifocus, Wetzlar, Germany) and the percentage of abnormal embryos was counted every 24 h.




2.4. Viability, Morphology and Hatching Rate


The health of zebrafish larva was assessed as previously described [33]. To examine the survival rate and morphology of embryos/larvae, BPA in the stock solution was diluted with 0.01 M phosphate buffered saline (PBS, pH7.0) and further diluted with Embryo medium (15 mM NaCl, 0.5 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 0.15 mM KH2PO4, 0.05 mM Na2HPO4, 0.7 mM NaHCO3 a pH 7.3) to the tested concentrations (10 and 50 μM). Healthy and normally developing WT embryos at 4 hpf were collected and exposed to vehicle or various concentrations of BPA, Cd and Cr in egg water. During the exposure time, it was observed the embryonic development and various parameters including mortality, hatching rate, heartbeat rate, as well as abnormalities like pericardial edema, pigmentation, and axial spinal curvature in hatched larvae were documented [34]. Morphology scores were determined at 96 hpf as previously described. Nine endpoints, including body shape, somites, notochord, tail, fins, heart, face, brain, and pharyngeal arches/jaws, were examined to evaluate the phenotypes of the zebrafish, and eight larval specimens per group were used for scoring [35].



To measure heart rate, embryos at 48, 72 and 96 hpf were moved to room temperature and allowed to stabilize for 30 min prior to manual counting. For each treatment condition, ten embryos were selected at random, and their heart rates were measured for four intervals of 20 s under a stereomicroscope.




2.5. Total RNA Extraction and RT-PCR


Total RNA was extracted from zebrafish larvae tissue using the NanoMag Animal and Fish RNA Isolation Kit (Shannuo Scientific Company, Shanghai, China). One microgram of total RNA was subjected to cDNA synthesis using PrimeScript@ RT Master Mix. Real-time PCR was performed in a total volume of 20 μL containing 10 μL of SYBR Green supermix, 1 μL of cDNA, 7 μL of RNase/DNase-free water and 500 nM of each primer. Gene expression was analyzed using the 2−ΔΔCT method, the b-actin (gene encoding beta-actin) was used as housekeeping gene for the normalization of RT-qPCR. The sequences of primers for real-time PCR are shown in Table 1.




2.6. Detection of ROS and Antioxidative Enzyme Assay


The larvae from each group were defrosted and homogenized on ice with 180 μL ice-cold physiological saline. The homogenate was centrifuged at 12,000× g at 4 °C for 10min to obtain the supernatant. ROS concentrations were assessed as previously described [36]. The content of SOD and CAT of the supernatant was analyzed as described previously [37,38,39,40,41].




2.7. Materials


All compounds used in this study were purchased from Sigma-Aldrich Company Ltd.




2.8. Statistical Evaluation


All values in the figures and text are expressed as the mean ± standard error of the mean (SEM) of N number of animals. The results were analyzed by one-way ANOVA followed by a Bonferroni post-hoc test for multiple comparisons.





3. Results


3.1. Effect of Bisphenol A on Morphology, Viability, and Hatching Rate


In order to identify the suitable concentrations, time points were used in the following experiments: BPA in the range of 10 and 50 μM doses was applied to observe morphology of larvae until 96 hpf. Embryo development in the CTRL was normal: hatching began at 48 to 72 hpf while no mortality was showed. As presented in Figure 1 BPA 10 μM did not alter the zebrafish morphology until 96 hpf compared to CTRL group. BPA 50 μM groups induced a suite of abnormalities in zebrafish embryos. The effect of BPA 50 μM on the embryo development was observed from 48 hpf. Furthermore, when embryos were treated with BPA 50 μM, no hatching rate was observed after 96 hpf. For embryos exposed to BPA 10 μM, no hatching influence was found compared with CTRL.




3.2. Malformation Scores, Body Length, and Heart Rate


Phenotypic defections at time points up to 96 hpf were noted. Compared with the control group, the malformation rate of the BPA 10 μM group showed no significant change. Abnormalities, primarily modest yolk retention, and pericardial edema were found in the combined groups, with BPA 10 μM and Cd 0.5 μM (BPA + Cd) or BPA 10 μM and Cr 0.5 μM (BPA + Cr). The body lengths of the larvae were measured at 96 hpf to assess the degree of development (Figure 2C). The body lengths of the larvae at 96 hpf were significantly reduced in both the BPA + Cd and the BPA + Cr group, which indicated that the combination of low dose of BPA and heavy metals significantly inhibited larval growth. Heart rates were recorded to determine the effect of combination of BPA and Cd and Cr on cardiac function. In the BPA 10 μM group embryos, as well as in the CTRL, heart rate did not show differences at 96 hpf. However, significant bradycardia was observed in embryos treated both BPA + Cd and BPA + Cr compared to the CTRL (Figure 2D). No differences on morphology, body length, and heart rate were found in the groups with single Cd and Cr exposure (Figure 2A–D).




3.3. Effect of BPA, Cd, and Cr on Gene Expression of Antioxidant Pathway


The changes in the expression of antioxidant-related genes in the zebrafish larvae after exposure to BPA alone and in combination with Cd and Cr are shown in Figure 3. Both BPA + Cd and BPA + Cr significantly downregulated the expression levels of cat, sod1 and gstp2, compared to CTRL group. However, there was no significant change in the expression level of antioxidant-gene in the BPA alone group compared to the CTRL group (Figure 3). Moreover, the expression of mRNA of Nrf2, a common transcription factor of antioxidant defenses, was decreased after both BPA + Cd and BPA + Cr compared to CTRL, while no effect was showed in the single BPA group. No differences on oxidative stress related mRNA expression were found in the groups with single Cd and Cr exposure. No differences on oxidative stress related mRNA expression was found in the groups with single Cd and Cr exposure. At the same time, we analyzed the content of SOD and CAT and determined the percentage of ROS, following exposure to BPA, Cd and Cr individually and in synergy. We showed a decrease in both CAT and SOD content following co-exposure to BPA and Cd or Cr, as well as an increase in ROS production. In contrast, the groups with single exposure of the various contaminants (BPA, Cd and Cr), there were no differences in CAT and SOD content and ROS production compared to the control group.




3.4. Effect of BPA, Cd, and Cr on Gene Expression of Apoptotic Pathway


To investigate the possible mechanisms of the toxic effects induced by combination of BPA and Cd or Cr, we used RT-PCR to examine the mRNA expression levels of larvae exposed from 6 to 120 hpf. The mRNA expression levels of apoptosis-related genes (caspase-3, caspase-9, and bax) increased in BPA + CD more than in the BPA + Cr group, compared to CTRL (Figure 4). The mRNA expression level of bcl-2 was downregulated both in BPA + Cd and BPA + Cr group. In addition, no significant differences in apoptotic and anti-apoptotic related genes were observed between the BPA group and CTRL alone (Figure 4). No differences on apoptosis related mRNA expression were found in the groups with single Cd and Cr exposure.





4. Discussion


BPA, Cd and Cr applied widely in consumers [42,43]. To date, several studies regarding the toxicity of BPA, Cd and Cr have been conducted to investigate their adverse effects on human and animal health, but they have been exposed individually and never together. Furthermore, given the likelihood of the simultaneous presence of several EDCs, increasing attention is being paid to the potential toxicity of their co-exposure. In the present study, we evaluated the possibility that BPA, Cd, and Cr together increase oxidative stress damage, in normally not effective single doses, which means that there is an additive or synergistic effect. The first objective of the study was to identify an appropriate concentration range for further validation studies on the BPA dose to be exposed in combination with Cd and Cr. We showed that BPA induced developmental toxicity in zebrafish embryos, particularly delayed hatching and morphological abnormalities. The 10 and 50 μM doses chosen for the toxicity studies ranges from no injury to noticeable toxic effect on development. BPA exposure at 10 μM did not show clear signs of toxicity, while doses of 50μM strongly reduced survival and hatching rate at 96 and 72 hpf respectively. Hatching is a critical moment of zebrafish embryogenesis; consequently, the decreased hatching rate was induced by functional and structural disturbances during embryonic development [44,45]. In addition, the suppression of embryogenesis or the inhibition of mitosis [46] or the incapability of the embryonic larvae to open the eggshell [47] also likely caused the developmental delay. Our data showed a significant dose-dependent reduction of the hatching rate, with the 100 % of no hatched egg for the dose 50 μM at 96 hpf, which is a critical indicator of developmental toxicity. Furthermore, BPA exposure at 50 μM resulted in embryonic teratogenesis, characterized by spinal curvature, pericardial edema, bent tails and uninflated swim bladders.



It have been reported that mean dissolved Cd concentrations in rivers strongly impacted by mining activities in the Riou Mort, in France is 26 μg/L [48], and the average concentrations of BPA exposure of adult is no more than 0.4–1.5 μg/kg body weight (BW) per day [49]. Because the metabolic rate and elimination ofheavy metals are very slow infishes, the outcomes induced by Cd andCr may be permanent for zebrafish [50]. Although the doses of BPA, Cd and Cr used in our present study are lower than the environmental exposure levels, the aim of this study employed so low doses of BPA, Cd and Cr is to mimic the occupational exposure and to explore their combined genotoxic effects. In our study BPA exposure alone did not show genotoxicity and cytotoxicity at 10 μM. Our results are consistent with previous data showing that BPA exposure at 25 μM does not cause oxidative stress-associated DNA damage in INS-1 cells according to the comet assay [51]. Moreover, no significant changes in cell viability or DNA damage levels have been observed in GM00637 or HeLa S3 cells when exposed to 5 μM or 10 μM Cd [52]. The combination of BPA and heavy metals such as Cd or Cr, at doses that are themselves non-toxic, showed alteration in early zebrafish development. In fact, co-exposure of 10 μM BPA and 0.5 μM Cd or 0.5 μM Cr(III) increasing the incidence of malformations such as spinal lordosis, pericardial edemas and heart rate decrease among others. Moreover, the body length reduction indicated that BPA in combination both Cd than Cr exposure could affect the growth of the larvae, which could be explained by delayed deciduation. All these data agree in proving that developmental toxicity induced by combination of BPA with both Cd or Cr exposure. Critical pathways involved in the developmental toxicity are inflammation and oxidative stress [53]. About the EDCs oxidative stress two main mechanisms are involved: the reduction of the cellular antioxidant defenses and the ROS overproduction [54,55]. ROS are the main promotors of oxidative stress [56] because they excessively combined with CAT, GSH and SOD unbalancing the antioxidant protection mechanism. SOD is an important enzyme in the endogenous antioxidant system thanks to its ability to prevent lipid peroxidation and remove ROS [41]. Another key antioxidant factor is gstp2, member of the GST Pi family, which is involved with glutathione in removing ROS [57]. The mRNA levels of sod1, cat, and gstp2 have been decreased in larvae exposure with both BPA 10 μM + Cd 0.5 μM and BPA 10 μM +Cr 0.5 μM, but not in BPA 10 μM group. Furthermore, the combination of BPA and Cd and Cr also caused an increase in CAT and SOD content, as well as the production of ROS, suggested that the the antioxidant defenses were impaired in the combinated-exposure groups. Thus, these data displayed that the decreased oxidative stress has a key role in the developmental sinergistic toxicity of EDCs and heavy metals. Recent studies have suggested Nrf2 as a potent key factor, responsible for the regulation of cellular oxidative stress response [58]. A large number of genes are reported to be influenced by Nrf2 in zebrafish [37]. Moreover, Nrf2 is an adaptive measure of cells against oxidative stress induced by Cd [59] and also Cr(VI), a precursor of Cr(III) before entering the intracellular level [60]. In the present study, a decrease in mRNA levels of Nrf2 was confirmed both BPA + Cd and BPA + Cr groups, as opposed to the BPA 10 μM group alone, which showed no effect on Nrf2 mRNA. A decrease in Nrf2 expression in the nucleus can be translated in an antioxidant protein levels decrease, confirming what was seen with the sod1, cat, and gstp2 datas. In fact increased ROS production associated with decreased of antioxidant defense expression are not the only involved in EDCs toxicity of zebrafish embryonic development, but also apoptosis and the caspase pathway play an important role [61]. Apoptosis is a regulated mechanism of cell death and with a key role in several physiological and pathological processes [62]. ROS over-production has been shown to be an important apoptotic signal [63,64,65]. The induction of apoptosis in zebrafish embryos was detected by the mRNA levels analysis of apoptosis-related genes Caspase 3 and 9, Bax and Bcl-2. Previous study suggested that metal ion-induced ROS production acts directly on mitochondria to cause cytochrome c release from mitochondria into the cytosol, which leads to caspase-9 activation and apoptosis [66]. Caspases are a large family of proteinases that play crucial roles in the process of apoptosis and are considered markers of oxidative stress-induced apoptosis in zebrafish embryos [67]. Our data showed that the exposure of BPA with Cd or Cr increased expression of the apoptosis-inducing target genes and reduced the expression of the anti-apoptotic factor, while the only BPA. These results suggested that apoptosis induction has a key role in the developmental toxicity of EDCs and heavy metals in early stage of fish development.




5. Conclusions


In conclusion, we demonstrated that BPA in combination with Cd and Cr, at a single ineffective dose, induced genotoxicity and cytotoxicity on early life-stage zebrafish. These results may support the idea that BPA, which have been shown to be non-toxic or safe at low levels, can become highly toxic when combined with other marine pollutants such as heavy metals. Our results suggested stress oxidative involvement in the molecular mechanisms involved in BPA-heavy metals combinate toxicity, with a decrease of antioxidant enzyme expression and an augment of ROS production. Further investigation into the combined effects of environmental pollutants and future work may illuminate the mechanisms underlying this synergistic toxicity.
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Figure 1. The morphological abnormalities in zebrafish caused by BPA different dose exposure (A), survival rate (B), and hatching rate (C). Images were taken from the lateral view under a dissecting microscope (magnification 25). Scale bar, 500 mm. *** p < 0.001 versus CTRL. 
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Figure 2. Effects of BPA, Cd and Cr single and co-exposure on morphological changes in zebrafish larvae at 96 hpf. Malformation like the curvature of body axis are indicated by the arrows (A) Representative lateral views (A), body length (B), and morphological scoring (C) and heart rate (D) of zebrafish larvae treated. *** p < 0.001 versus CTRL. 
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Figure 3. Effects of BPA, Cd and Cr single and co-exposure on the mRNA levels of stress oxidative pathway (cat, sod, gstp2, and nrf2) (A), CAT and SOD content (B,C) and ROS determination (D) in larval zebrafish. Values = means ± SEM of three independent experiment datas; *** at p < 0.001 against CTRL. 
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Figure 4. Effects of BPA, Cd, and Cr single and co-exposure on the mRNA levels of apoptotic pathway (caspase3 and 9, bax, and bcl-2) in larval zebrafish. Values = means ± SEM of three independent experiment data; *** at p < 0.001 CTRL. 
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Table 1. Primers for real-time PCR.
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	Gene
	Primer Orientation
	Nucleotide Sequence





	b-actin
	forward
	5′-AGAGCTATGAGCTGCCTGACG-3′



	
	reverse
	5′-CCGCAAGATTCCATACCCA-3′



	Oxidative stress

pathway genes
	
	



	sod1
	forward
	5′-GGCCAACCGATAGTGTTAGA-3′



	
	reverse
	5′-CCAGCGTTGCCAGTTTTTAG-3′



	cat
	forward
	5′-AGGGCAACTGGGATCTTACA-3′



	
	reverse
	5′-TTTATGGGACCAGACCTTGG-3′



	gstp2
	forward
	5′-CACAGACCTCGCTTTTCACAC-3′



	
	reverse
	5′-GAGAGAAGCCTCACAGTCGT-3′



	Nrf2
	forward
	5′-TCGGGTTTGTCCCTAGATG-3′



	
	reverse
	5′-AGGTTTGGAGTGTCCGCTA-3′



	Apoptosis pathway genes
	
	



	casp-3
	forward
	5′-CCGCTGCCCATCACTA-3′



	
	reverse
	5′-ATCCTTTCACGACCATCT-3′



	Bax
	forward
	5′-GGCTATTTCAACCAGGGTTCC-3′



	
	reverse
	5′-TGCGAATCACCAATGCTGT-3′



	bcl-2
	forward
	5′-TCACTCGTTCAGACCCTCAT-3′



	
	reverse
	5′-ACGCTTTCCACGCACAT-3′



	casp-9
	forward
	5′-AAATACATAGCAAGGCAACC-3′



	
	reverse
	5′-CACAGGGAATCAAGAAAGG-3′
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