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Abstract

:

The synthetic hormone 17α ethinyl estradiol (EE2) is a molecule widely used in female contraceptives and recognized as a contaminant of attention (Watch List) in the European Union due to its high consumption, endocrine effects and occurrence in aquatic environments. Its main source of introduction is domestic sewage where it can be associated with other contaminants such as microplastics (MPs). Due to their characteristics, they can combine with each other and exacerbate their isolated effects on biota. This study evaluated the combined effects of microplastics (MPs) and 17α ethinylestradiol (EE2) on two tropical estuarine invertebrate species: Crassostrea gasar and Ucides cordatus. Polyethylene particles were spiked with EE2 and organisms were exposed to three treatments, categorized into three groups: control group (C), virgin microplastics (MPs), and spiked microplastics with EE2 (MPEs). All treatments were evaluated after 3 and 7 days of exposure. Oysters exhibited changes in phase 2 enzymes and the antioxidant system, oxidative stress in the gills, and reduced lysosomal membrane stability after exposure to MPs and MPEs. Crabs exposed to MPs and MPEs after seven days showed changes in phase 1 enzymes in the gills and changes in phases 1 and 2 enzymes in the hepatopancreas, such as disturbed cellular health. The combined effects of microplastics and EE2 increased the toxicity experienced by organisms, which may trigger effects at higher levels of biological organization, leading to ecological disturbances in tropical coastal ecosystems.
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1. Introduction


The synthetic hormone 17α ethinylestradiol (EE2), a molecule commonly used in female contraceptives, is a synthetic estrogen derived from the natural estrogen 17β estradiol that is used in human medicine, veterinary medicine, and aquaculture. Due to its high use, EE2 has become a substance of great concern since its presence is detected in surface waters around the world, occurring in concentrations that vary between 6.6 and 27.7 ng/L−1, which has resulted in EE2 being added to the list of priority pollutants to be monitored by the European Union Watch List for Water Emerging Pollutants in 2018 [1,2,3,4]. EE2 possesses a high logKoW (3.6–4.2) and persists in marine environments; it has a half-life of more than 20 days in water and sediment [5]. EE2 is frequently reported in wastewater, surface water, sediment, and marine biota; even when found at low concentrations, it is capable of producing adverse effects on organisms [6,7].



Prior studies have reported isolated effects of EE2 on different estuarine and marine organisms, including gastropods, amphipods, mysids, shrimp, urchins, and bivalves [8,9,10]. When present in domestic sewage, EE2 can interact with other pollutants, including microplastics.



Microplastics are particles (<5 mm) composed of a variety of polymers. It is estimated that there are around 268,940 tons of plastic particles drifting in the oceans, of which 92.4% are microplastics [11,12].



Microplastics are able to interact with a variety of substances, particularly those hydrophobics such as EE2. Through sorption processes, microplastics often serve as carriers and dispersers of other molecules in marine ecosystems [13,14,15,16]. Combining these molecules may have adverse effects on the biota through direct ingestion or indirectly through the release of adsorbable substances [17,18,19,20].



Previous studies have described the association between microplastics and steroid hormones [21,22]; however, studies that evaluate the effects of this combination on the biota are scarce, particularly in terms of estuarine animals. Estuaries are frequently contaminated by domestic wastewater and port effluents, sources of EE2 and microplastics that increase the coastal biota’s risk of exposure to these pollutants.



Hydrophobic pollutant detoxification involves a series of enzymes typically divided into phase 1 (biotransformation) and phase 2 enzymes (conjugation). This process may also generate different intermediary metabolites, such as reactive oxygen species. Changes to aquatic organisms’ antioxidant defense systems may be the consequence of an increase in reactive oxygen species synthesis induced by exposure to xenobiotics and may lead to oxidative stress when mechanisms of defense are overtaken by pro-oxidant forces. In this situation, adverse effects such as DNA strand breaks, enzyme inactivation, lipid peroxidation, and protein or lipid degradation may occur.



Among the estuarine species susceptible to such changes as a result of exposure to these xenobiotics are the oyster Crassostrea gasar and the crab Ucides cordatus.



Popularly known as the mangrove oyster, Crassostrea gasar is an estuarine species that occurs on the Brazilian coast from the State of Pará to Santa Catarina [23]. They are widely used for ecotoxicological studies, as they are filter-feeding organisms and have a sessile life habit and bioaccumulation capacity; this species has been used in several studies using biomarkers [24,25,26,27], demonstrating that they are excellent sentinel organisms to achieve the true characterization of environmental impacts on aquatic ecosystems.



The brachyurian crab U. Cordatus occurs from the state of Florida, in the United States, to the state of Santa Catarina, in Brazil [28]. This species is among the main mangrove species, whose ecological relevance is due to the cycling of nutrients resulting from its feeding process through the consumption of litter [29]. Due to this fact and importance, U. cordatus has been adopted as a biological model in conservation and impact studies on the mangrove ecosystem [30,31,32]. In this sense, this study sought to assess adverse effects of EE2-spiked polyethylene microparticles by evaluating phase 1 and 2 enzymes, the antioxidant defense system, and lipid peroxidation, DNA strand breaks, cholinesterase activity, and lysosomal membrane stability in two estuarine species (Crassostrea gasar [the mangrove oyster] and Ucides cordatus [the swamp ghost crab]) in order to better understand the impacts of this combination of pollutants on tropical coastal zones. These species were chosen because of their local ubiquity, ecological relevance to mangrove ecosystems, socioeconomic significance, and their viability for ecotoxicological assays [18,32,33].




2. Materials and Methods


Linear low-density polyethylene (LLDPE) particles (microplastics) between 100 and 250 µm in size, used as abrasives in cosmetic products (kindly provided by Braskem S/A), were contaminated using a 1 mg·L−1 EE2 solution following the method described by Nobre et al. [18]. A total of 22.5 g of polyethylene microparticles was added to 1 L of EE2 solution at a nominal concentration of 1 mg·L−1; this concentration was used for greater adsorption of the substance on the particles and better understanding of the mechanistic effects that the EE2 carried by microplastics can have on organisms.



The sample was then poured into a vial, protected from light, and placed on an orbital shaker at 250 rpm for 48 h to reach sorption equilibrium. Subsequently, the microspheres were removed using Grade GF/C glass microfiber filters (Whatman), stored in amber glass bottles, and placed in cooling chambers until the exposure period.



After the procedure, aliquots of virgin and EE2-spiked microplastics were analyzed using high-performance liquid chromatography (HPLC) combined with a mass spectrometer to determine the real concentration of the pharmaceutical under study.



The microplastic sample’s polymeric confirmation was conducted using a Fourier transform infrared spectrophotometer (FT-IR), specifically the Perkin Elmer Spectrum Two model equipped with the Universal Attenuated Reflectance (ATR) accessory. Analysis was carried out using Spectrum 10 software with the following settings: IR range spanning from 4000 cm−1 to 550 cm−1, data range set to 1 cm−1, resolution adjusted to 4 cm−1, and 16 accumulation scans performed.



The specimens were exposed to three treatments. The control treatment contained seawater with dimethyl sulfoxide (the solvent used to prepare the EE2 stock solution used in microplastic contamination); the virgin microplastic (MP) treatment consisted of 250 mg·L−1 (∼2.75 × 107, items m−3) of uncontaminated microplastics; and the EE2 (MPE) treatment relied on 250 mg·L−1 of microplastics contaminated by EE2.



The concentration of 250 mg·L−1 was adopted to better understand the effects of MPs alone or in association with EE2. This was based on a previous study by Siegfried et al. [34], in which, using a predictive model, they estimated the release of 510 mg·L−1 of plastic microspheres into the Atlantic Ocean through European seas in the year 2050.



The C. gasar used in the experiment were obtained from a farm located within the Mandira extractive reserve located in the city of Cananéia, São Paulo State, Brazil. The U. cordatus crabs were collected from mangrove swamps in the Barra do Una region of the Juréia-Itatins Marine Protected Area, located in the city of Peruíbe, São Paulo State, Brazil (SISBIO authorization: 60314-1).



In the experiments, the oysters were taken to the laboratory and acclimated in a 350 L tank in seawater at salinity 30‰ for 7 days. The tank included a filtration system and controlled physical and chemical parameters. The organisms were fed a 4–10 µm phytoplankton suspension (Phytogold-S—Brightwell) every 48 h. After the acclimation period, ten specimens were selected from each treatment. The crabs were acclimated in 500 L tanks with 50 L of seawater at salinity 30‰ for 10 days. The physical and chemical parameters (pH, dissolved oxygen, salinity, and ammonia) in the tank were monitored with the aid of a multiparametric probe, and the crabs were fed with Rhizophorae mangle leaves obtained from the same sampling site.



After the acclimatization period, the organisms were subjected to treatments for 3 and 7 days, with 10 organisms per treatment per time subsequently removed. For the analysis of biomarkers, the gills, hepatopancreas, muscles, and hemolymph of 7 individuals of each species were collected. In addition, digestive gland samples were collected from oysters, and hepatopancreas tissue samples were collected from crabs. The collected tissues were placed in cryotubes and stored at −80 °C until the analyses were carried out. At the end of each exposure period, water, microplastic, and 3 organism samples were also obtained and stored at −20 °C for further chemical analyses to determine EE2 concentrations in the different matrices.



In order to measure EE2 in the different samples, the EPA Method 1694 for solid phase extraction was used [35].



Analytical measurements were performed using high-performance liquid chromatography (HPLC) combined with a mass spectrometer (Agilent 1260 series, Agile Technologies, QTRAP 3200, AB Sciex, São Paulo, Santos, Brazil). The column used was an Agilent Eclipse XDB-C18 4.6X50 mm, 1.8 μm, with electrospray in negative mode (ESI-). The resulting spectra were processed, and the analytes were identified and counted using multiple reaction monitoring (MRM) transition detection from the MS/MS fragmentation spectral library. The analytical parameters considered in the analysis of the substance of interest are described in Table 1.



To understand the possible biochemical alterations and health status of the organisms, the biomarkers evaluated in the gills and digestive glands (oyster) or gills and hepatopancreas (crabs) were as follows: ethoxyresorufin-O-deethylase (EROD) activity [36], dibenzylfluorescein dialquilase (DBF) [37] activity, glutathione S-transferase (GST) [38] activity, glutathione peroxidase (GPx) activity [39], reduced glutathione (GSH) levels [40], lipid peroxidation (LPO) levels [41], and DNA strand-break levels [42]. Acetylcholinesterase (AChE) activity in specimen muscles was also evaluated using the method by Ellman [43], with modifications by Herbert et al. [44] to use a microplate. Biomarker responses were standardized by total protein levels using the method proposed by Bradford [45] for different fractions of each tissue.



In order to evaluate lysosomal membrane stability, the hemolymph was withdrawn and hemocytes were assessed according Mártinez–Goméz et al. [46]. In the case of U. cordatus, the modifications proposed by Duarte et al. [32] were also applied.



The outliers present in the biomarker results were removed using the Grubbs test. After this step, the normality and homoscedasticity of the data were confirmed using the Shapiro–Wilk test and Bartlett’s test, respectively.



Next, the data were assessed using permutational multivariate analysis of variance (PERMANOVA) with paired analysis. Variance homogeneity was analyzed using PERMDISP within the PRIMER software, version 6.0.



To better understand the results, biomarker data for each species were integrated using the enriched integrated biomarker response (EIBR) system [47], with the data matrix values normalized for each biomarker and multiplied by the weight assigned to each biomarker according to its systemic importance (EROD, DBF, GST, GPx, and GSH = 1; LPO, DNA damage, and AChE = 2; NRRT = 3). Subsequently, all biomarker scores were summed for each treatment and for each tissue and divided by the sum of the weights to provide a final grade of effect for each treatment.




3. Results and Discussion


From the FT-IR (ATR) analysis, the polymer was confirmed as linear low-density polyethylene (LLDPE), as shown in Figure 1.



3.1. EE2 Quantification


Regarding microplastic contamination by EE2, a concentration of 35.40 µg·g−1 of EE2 was determined, with a recovery of 79.65% of the nominal concentration. Previous studies have found that ethinylestradiol tends to exhibit high adsorption by microplastics made from different polymers such as polyethylene and polyvinyl chloride [14,19,20], as well as those made of polyamide [48]. In the virgin microplastic (MP), EE2 was not detected (Table 2).



In this study, EE2 exhibited affinity for polyethylene-based microplastics, which exhibited high adsorption. This finding is due to the adsorptive behavior of EE2, which, unlike some substances, does not exhibit changes in its ability to associate with microplastics based on salinity [19,20]. Polymer-based features, such as structural characteristics, may also influence sorption behavior, since polyethylene presents a larger surface area compared to other polymers [49]. Particle size also has a direct influence on sorption behavior. In the study performed by Lu et al. [19], PVC particles that were 0.11 mm in size adsorbed more hormones than microplastics that were 4.7 mm in size. These results showed that the greater the particle’s coefficient of distribution, the greater its adsorption with the higher degree of irregularity.



The adsorption behavior of EE2 may be characterized by three phases. The first phase consists of rapid adsorption, followed by delayed adsorption, and finally, equilibrium. This process depends on the saturation of microplastic binding sites [20] and does not allow the microplastic to completely adsorb the substance.



In the MPE treatment group, organisms were able to accumulate EE2 (values between LOD and LOQ) even when levels were below the limit of detection in water (Table 3). This likely occurred because microparticles released this hormone into the experimental environment. EE2 concentrations in the microplastics at the end of the experiment were 0.66 µg·g−1, a value much lower than the amount measured at the beginning of the experiment (35.40 µg·g−1). The results of the U. cordatus assays differed slightly. Though EE2 had accumulated in the organisms (0.01401 µg·g−1) and decreased in the microplastics (1.284 µg·g−1) by the end of the experiment relative to the beginning, EE2 was detected in the water samples after the 7-day exposure period. EE2 concentration in the water was 1.93 µg·L−1. This result suggests that polyethylene microplastics serve as carriers and dispersers of pharmaceuticals and personal care products (PPCPs).



The ability of microplastics to interact with their surrounding environment and biota through sorption and desorption processes has been reported previously [17,50,51]. The details of this interaction vary depending on the substances involved. Lu et al. [21] found that EE2 tended to desorb approximately 49% of its PVC particle concentration; this ability was found to be directly related to its degree of hydrophobicity. However, the low concentrations and, in some cases, the absence of EE2 in the water samples after 7 days of exposure may be associated with EE2 degradation by light or biological processes that could reduce its concentration in the matrices.



EE2 detection in the tissues of the organisms tested is mainly due to the lipophilicity of the substance, as well as the transport potential of microplastics. A previous study evaluating the exposure of invertebrates to EE2 in water demonstrated that oysters of the species C. virginica exposed to 1 µg·L−1 of EE2 for 10 days exhibited high concentrations of the hormone after 1 day of exposure; however, after 5 days of exposure, EE2 was no longer detected in tissues [52]. Although the concentration of EE2 in MPs is higher than reported by this study, microplastics tend to desorb this substance gradually, thus providing continuous sources of contamination for the organisms that come into contact with them.




3.2. Biomarkers


The PERMANOVA results on C. gasar (Oyster) pointed out the time effect on all three treatments. The interaction between time and treatment revealed that after 3 days of exposure, all of the treatments differed from each other significantly. However, after 7 days of exposure, only the MPE group differed significantly from control MP groups (Table 4).



U. cordatus (crab) also demonstrated an influence of the time factor on all of the tested groups. After 3 days, the time vs. treatment interaction revealed significant differences only between the control group and the MPE group. After 7 days, the control group differed significantly from the MP group and the MPE group (Table 4).



The biomarker results from C. gasar tissues (Figure 2) showed that after 3 days of exposure, GST activity in the gills was inhibited. GPx activity was induced in the MPE treatment group, though oxidative stress was not detected. In the digestive glands, an increase in DBF activity was observed in the MPE treatment group after 7 days of exposure. Additionally, the digestive glands revealed an increase in DNA strand breaks after 3 days of exposure to the MP treatment. Nevertheless, the neutral red retention time (NRRT) assay did not determine any significant differences between the treatments; a decrease in lysosomal membrane stability in the organisms exposed to the MPE treatment was observed over the course of the experiment.



According to PERMANOVA, the time factor was found to directly influence the biomarker responses evaluated. The oysters exhibited changes in phase 2 enzymes and the antioxidant system, oxidative stress in the gills, as well as worsened cell health in the hemolymph, particularly when exposed to the MPE treatment for 3 days; after 7 days of exposure, changes in the digestive gland (CYP3A-like activities), DNA strand breaks, and lysosomes in the hemolymph were also found in the hemolymph of organisms in the MPE group.



DBF activity in the digestive gland of C. gasar increased after exposure to the MPE treatment. These findings differ from those of Brandts et al. [53], who reported inhibited cyp32 expression in the digestive gland of bivalve mollusks exposed to polystyrene nanoplastics combined with carbamazepine. The change observed in the current study may be linked to CYP3A-like metabolism of the hormone desorbed by the microplastic, since this enzyme is responsible for the biotransformation of this group of substances for subsequent excretion [37].



GST, an enzyme which corresponds to phase 2 of detoxification, was found to have inhibited activity in the MPE-treated oysters’ gills after 3 days of exposure. GST activity inhibition may be associated with an effect produced by the contaminated microplastics, or with increased activity of other enzymes performing detoxification [54].



In this study, the antioxidant system was represented by GPx and GSH. In the oysters’ gills, GPx activity was induced and GSH levels was increased after 3 days of exposure to the MPE treatment. Increased GPx activity is indicative of an increase in ROS production, since it is an important enzyme in the neutralization of basal levels of hydrogen peroxide [55]. GSH is known for being a key element in the transformation and excretion of contaminants, as well as in cellular antioxidant defense [56].



In the oysters, the assessment of oxidative stress through the measurement of thiobarbituric reactive substances revealed an absence of lipid peroxidation in the gills and digestive gland exposed to both the MP and MPE treatments after 3 or 7 days of exposure. These findings corroborate with previous studies in which mussels exposed to both spiked and virgin microplastics did not exhibit LPO [57,58]. It is believed that bivalves exposed to PPCPs tend to decrease their metabolism to increase their energy reserves, thus decreasing lipid peroxidation and minimizing oxidative damage [59].



In the analysis of DNA strand breaks, only digestive gland exposure to MPs after 7 days showed increased damages. Avio et al. [58] reported an increase in DNA strand breaks in the digestive tissue of bivalve mollusks caused by exposure to polyethylene particles. Meanwhile, the significant decrease in strand breaks that was observed after a longer exposure period (7 days) may be associated with the presence of EE2, since this hormone has been found to decrease DNA fragmentation in polychaetes exposed to different concentrations [7]; these prior results combined with the findings reported herein demonstrate that the presence of contaminants in microplastics may lead to effects that differ from those of microplastics in isolation.



No significant differences were found in the AChE activity and NRRT in the muscle and hemolymph of the oysters, respectively. However, it is possible to note a reduction trend after 3 days for AChE activity and after 3 or 7 days for the NRRT, demonstrating a disturbance in the organisms’ health throughout the assay.



The assessment of the U. cordatus biomarkers is detailed in Figure 3. After 7 days of exposure, the gills revealed an increase in EROD activity in the MP treatment group and increased GST activity in the MP and MPE treatment groups. In the hepatopancreas, EROD activities and GSH levels were inhibited in the MP and MPE treatment groups. The lysosomal membrane stability of the MPE treatment group differed significantly from the controls (p ≤ 0.05) after both the 3 and 7-day exposure periods. The organisms displayed distinct biochemical responses across the analyzed tissues (gills, hepatopancreas, and hemolymph), with effects observed in the MP and MPE treatment groups after 7 days of exposure.



EROD levels increased in the gills of the crabs exposed to the MPE treatment; this increase in the gills may be linked to the presence of EE2, as has been reported by Maranho et al. [9]. The authors found an increase in EROD in polychaetes exposed to different concentrations of EE2 and that this metabolic pathway is one of the main methods of EE2 degradation. However, in the present study, EROD levels decreased in the hepatopancreas in both the MPE and MP treatment groups. According to Anbumani and Kakkar [60], EROD activity can be inhibited in the hepatopancreas given the fact that microplastics are known to alter cytochromes P450 and may decrease their activity; they are therefore capable of producing more severe changes, such as cell death.



Although there are studies demonstrating an association between microplastic exposure and both increased and inhibited EROD activity in marine invertebrates [61,62], it is important to note that the exact mechanisms by which microplastics affect EROD activity in invertebrates are not fully understood, because these responses are variable and depend on a series of factors, including the type and size of microplastics, the exposure concentration, associated compounds, the duration of exposure, and the species of invertebrate involved.



GST activity was induced in the crabs exposed for 7 days to the MP and MPE treatments. This induction may be associated with an increase in phase 1 enzymes involved in the metabolism of organic compounds for excretion. This response has also been observed by Jeong et al. [63] in marine copepods exposed to polystyrene microplastics, who reported an increase in ROS, followed by an increase in GST activity.



In the crabs, only GSH levels were decreased after exposure to the MPE and MP treatments. Its inhibition may indicate suppression of the antioxidant defense system and, more specifically, the excretion of free radicals formed in the biotransformation process, since it is a major cofactor for GST and GPx [64].



Lipid peroxidation was not found in crabs exposed to the MP or MPE treatments. Similar results were reported in a study on amphipods exposed to different concentrations of EE2 [9]. DNA strand-break levels were also similar for all treatments and durations.



Crabs exhibited significant differences in lysosomal membrane destabilization when exposed to the MPE treatment. Previous studies have shown that the association of MPs with other contaminants tends to decrease the stability of the lysosomal membrane, and this relationship is time-dependent [19,65,66]. In addition, synthetic hormones such as EE2 cause destabilization of the lysosomal membrane that can lead to increased levels of Ca2+, which is a mediator of the effects of estradiol [67].



The changes observed in the gills of the two species evaluated are primarily correlated with the fact that they were exposed to these contaminants in water, since the gills serve as the animals’ primary defense barrier against xenobiotics [68]. Meanwhile, the changes observed in the digestive gland and hepatopancreas may be associated with both the initial effects on the gills or with the ingestion of these contaminants, since these organs are responsible for metabolizing exogenous substances.



They have numerous epithelial tissues with blind endings, such as basophilic, and digestive cells, such as the lysosome, which, in addition to the functions of intracellular digestion of nutrients and antioxidant defenses, are the main organelles for the sequestration and detoxification of organic pollutants [69].



Comparing the responses of the integrated biomarkers between the two species (Figure 3), it was possible to observe that crabs presented more significant biochemical disturbances than oysters, since the IBR indexes were always higher (excluding after 3-days, where crabs exposed to MPs showed alterations in DBF activity and LPO levels in the gills, and in AChE activity in the muscle, whereas oysters exhibited lower alterations in DNA damage in the gills and digestive gland, in LPO levels in the digestive gland, and in the NRRT). Regarding the 7-day period, crabs showed effects associated with DBF activity and LPO levels in the gills, LPO levels in the hepatopancreas, and the NRRT in the hemolymph, whereas in oysters, we observed DNA damage in the digestive gland and a lower NRRT. For the MPE experimental group, with the shorter exposure time (3 days), C. gasar demonstrated more biomarker responses, when compared to U.cordatus, associated with GPx and DNA damage in the gills, DBF activity and DNA damage in the digestive gland, and the NRRT in the hemolymph. After 7 days, there was an inversion between the species’ responses, since the crab showed the greatest changes associated with GST activity, LPO levels, and DNA damage in the gills, DBF, GST, and GSH activity in the hepatopancreas, and the NRRT in the hemolymph, as shown in Figure 4.



Taken together, our results reveal greater differences between the species exposed to MPEs. The biochemical and cellular changes may be directly linked to the species’ differing behaviors. C. gasar are filter feeders which are able to filter from 5 L to 25 L of water per hour [70], a process which allows for continuous exchange between the organisms and their environment, producing a high rate of depuration. Another relevant factor is that when under stress, bivalves tend to limit the amount of time that their valves are open, thus reducing their exposure to contaminants and forcing these animals to perform anerobic metabolism [52]. These behaviors may explain the reduced effects observed in oysters.



Because it is a semi-aquatic animal, U. cordatus comes into contact with both virgin and spiked microplastics in ways that differ from those of C. gasar. These oysters are exposed through their gills, while the crabs may ingest the particles or come into contact with them as they exchange water through their branchial chambers in order to maintain the necessary moisture levels to perform ion and gas exchange [31]. Although this study did not quantify microplastic ingestion rates, it was noted that shortly after inserting the crabs into the tanks containing microplastics, the individuals began to move their chelipeds, moving the water toward the oral region, opening and closing their oral apparatus (maxillipedes), and unwittingly ingesting microplastics in the surrounding water.



Overall, the metabolic responses of crabs and oysters exposed to microplastics, both virgin and adsorbed, are complex and may have significant implications for their health, fitness, and ecological roles. However, further research is needed to better understand why the metabolic consequences of microplastic exposure have a more pronounced impact on crabs. It is believed that the capacity for direct ingestion results in the accumulation of these particles in the digestive tracts and soft tissues of the animals, disrupting the digestion and metabolism of crabs and impairing their ability to absorb nutrients from food. Additionally, microplastics may have direct toxic effects on crabs, causing damage to the digestive tract and other organs, which can result in alterations in metabolism and feeding behavior in these animals [18,65,71,72,73].



Our results show that both species respond to the association of microplastics and EE2 by activating their detoxification systems. Subcellular effects were observed mainly through reduced lysosomal membrane stability, denoting impairments to global health status, which could lead to impacts at individual or population levels over time [18,74,75].





4. Conclusions


The microplastics demonstrated the capacity to adsorb 17α ethinylestradiol and serve as a carrier in aquatic environments, resulting in disruptions to species’ metabolism and sublethal effects on two mangrove species.



C. gasar showed effects within a short period of exposure (3 days) to the MPE treatment, with changes in the enzymes of phase 1 and 2, in addition to the antioxidant system.



U. cordatus showed effects after 7 days of exposure to the MPE treatment, with changes in the enzymes of phase 1 and phase 2, in the antioxidant system, in lipid peroxidation, and in the stability of the lysosomal membrane.



The invertebrates C. gasar and U. cordatus exhibited effects associated with both virgin and EE2-spiked microplastics, with more pronounced disturbances observed in crabs exposed to MPEs.



Our study presents initial evidence of the combined effects of polyethylene particles and 17α ethynylestradiol, underscoring the significance of assessing the impacts of microplastics as carriers of pharmaceuticals and personal care products in coastal areas.
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Figure 1. FT-IR (ATR) spectrum of LLDPE. 
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Figure 2. Mean and standard deviation of Crassostrea gasar biomarkers in different tissues and with different treatments after 3 days (light gray bars) and after 7 days (dark gray bars) of exposure. Light gray letters reflect differences between 3-day treatments, while dark gray letters reflect differences between 7-day treatments. Different letters represent significant differences between the treatments (p < 0.05). Asterisks (*) represent significant differences between the time periods in a given treatment (p < 0.05). 
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Figure 3. Mean and standard deviation of Ucides cordatus biomarkers in different tissues and with different treatments after 3 days (light gray bars) and after 7 days (dark gray bars) of exposure. Light gray letters reflect differences between 3-day treatments, while dark gray letters reflect differences between 7-day treatments. Different letters represent significant differences between the treatments (p < 0.05). Asterisks (*) represent significant differences between the time periods in a given treatment (p < 0.05). 
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Figure 4. Biomarker response index in the gills (G), digestive gland (DG) or hepatopancreas (Hp), muscle (M), and hemolymph (Hm). The figure shows the behavior of the biomarkers in the control, microplastics, and microplastics + 17α ethinylestradiol treatments between species over time separately. The values presented between graphs refer to the physiological change score of each organism for the respective time and treatment. 
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Table 1. Analytical parameters used in analyses of 17α ethinylestradiol (EE2) in microplastic, tissue, and water samples.
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17α Ethinylestradiol (EE2): Analytical Parameters




	
Level of Concentration

of Analytical Curve (µg·L−1)

	
MRM Transition Counts

	
MLOD

(µg·L−1)

	
MLOQ

(µg·L−1)






	
4.687 to 300

	
279 > 133

	
0.12

	
0.40








MLOD: method limit of detection; MLOQ: method limit of quantification.













 





Table 2. Analytical recovery observed in substances in negative ion mode in spiked microplastics and 17α ethinylestradiol concentrations in uncontaminated microplastic (MP) samples and 17α ethinylestradiol-spiked microplastic (MPE) samples. The results are presented as µg·g−1.
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Analytical Recovery




	
Nominal Concentration

(µg·g−1)

	
Measured Concentration

(µg·g−1)

	
Recovery (%)






	
EE2

	
44.4

	
35.40

	
79.65




	

	
Microplastics before exposure




	

	
EE2 (µg·g−1)




	
MP

	
<MLOD




	
MPE

	
35.40








MLOD: method limit of detection.













 





Table 3. 17α ethinylestradiol (EE2) concentrations in the water, organism, and microplastic samples after exposure to a control treatment (C), a virgin microplastic treatment (MP), and an EE2-spiked microplastic treatment (MPE) in assays involving C. gasar and U. cordatus. The results are presented as µg·L−1 in the case of water and as µg·g−1 in the case of organisms and microplastics after exposure.
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Treatment

	
Water

	
Species

	
Microplastics after Exposure




	

	

	
EE2

(µg·L−1)

	
EE2

(µg·g−1)

	
EE2

(µg·g−1)






	
C. gasar

	
C

	
<MLOD

	
<MLOD

	
-




	
MP

	
<MLOD

	
<MLOD

	
<MLOD




	
MPE

	
<MLOD

	
<MLOQ

	
0.66




	
U. cordatus

	
C

	
<MLOD

	
<MLOD

	
-




	
MP

	
<MLOD

	
<MLOD

	
<MLOD




	
MPE

	
1.93

	
0.01401

	
1.284








MLOD: method limit of detection; MLOQ: method limit of quantification; -: absent from sample.













 





Table 4. PERMANOVA calculated based on biomarker data from Crassostrea gasar and Ucides cordatus. Significant differences (p < 0.05) are in bold.
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Main Test






	

	
Crassostrea gasar

	
Ucides cordatus




	

	
DF

	
MS

	
Pseudo-F

	
P (Perm)

	
DF

	
MS

	
Pseudo-F

	
P (Perm)




	
Time

	
1

	
101.82

	
8.8278

	
0.001

	
1

	
131.78

	
11.756

	
0.001




	
Treatment

	
2

	
32.486

	
2.8164

	
0.001

	
2

	
25.325

	
2.2592

	
0.002




	
Time vs. Treatment

	
2

	
36.979

	
3.206

	
0.001

	
2

	
35.009

	
3.1232

	
0.001




	
Pairwise—Time (T3 X T7)




	

	
Crassostrea gasar

	
Ucides cordatus




	

	
T

	
P (perm)

	
perms

	
P (MC)

	
T

	
P (perm)

	
perms

	
P (MC)




	
Control

	
2.4615

	
0.002

	
760

	
0.002

	
2.9181

	
0.002

	
742

	
0.001




	
MP

	
1.6692

	
0.006

	
755

	
0.022

	
2.243

	
0.001

	
753

	
0.001




	
MPE

	
2.8417

	
0.001

	
758

	
0.001

	
2.1195

	
0.001

	
758

	
0.001




	
Pairwise—Treatment




	

	
Crassostrea gasar

	
Ucides cordatus




	

	
T

	
P (perm)

	
perms

	
P (MC)

	
T

	
P (perm)

	
perms

	
P (MC)




	
3 Days of Exposure

	

	

	

	

	

	

	

	




	
Control vs. MP

	
1.4699

	
0.018

	
752

	
0.059

	
0.86666

	
0.695

	
738

	
0.628




	
Control vs. MPE

	
2.1896

	
0.001

	
753

	
0.001

	
1.7069

	
0.009

	
776

	
0.021




	
MP vs. MPE

	
1.6532

	
0.017

	
749

	
0.034

	
1.3927

	
0.036

	
752

	
0.086




	
7 Days of Exposure

	

	

	

	

	

	

	

	




	
Control vs. MP

	
1.2881

	
0.095

	
765

	
0.126

	
1.7032

	
0.009

	
771

	
0.019




	
Control vs. MPE

	
1.8678

	
0.001

	
755

	
0.013

	
2.2825

	
0.001

	
746

	
0.001




	
MP vs. MPE

	
1.9531

	
0.001

	
768

	
0.009

	
1.2866

	
0.103

	
749

	
0.154
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