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Although the presence of pharmaceutical and personal care products in aquatic ecosystems is well documented, little information is available about their sublethal effects, on aquatic invertebrates. From an ecotoxicological point of view, the use of in vitro approaches has been recommended as a tool to assess adverse effects and to understand the mechanisms of action of chemicals at the cellular level. In the present in vitro study, the effects of Amoxicillin (AMX), Trimethoprim (TMP) and Ciprofloxacin (CIP) (1 µg/L, each) were tested alone and—for the first time—as a mixture (MIX) on haemocytes of the clam Ruditapes philippinarum. After the exposure, a battery of cellular parameters was evaluated, such as haemocyte viability, lysosomal membrane stability, superoxide anion production, acid phosphatase activity, the frequency of micronuclei and chromosomal aberrations. The results demonstrated that AMX, TMP, CIP and MIX affected lysosomal membrane stability, as well as superoxide anion and acid phosphatase production, and promoted chromosomal aberrations. This study highlighted that Manila clam haemocytes are a sensitive cell model to assess the effects of exposure to pharmaceutical products on non-target species. Our study demonstrated that the effects of pharmaceutical mixtures on marine species should be experimentally evaluated because they are not predictable from single exposures as the compounds can interact in different ways on the various biological endpoints considered.
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1 INTRODUCTION
Pharmaceuticals and personal care products (PPCPs) are a wide group of chemicals. These bioactive compounds are used in both medicine and body personal care and the occurrence of PPCPs in aquatic environments has garnered great attention over the past 30 years (Schumock et al., 2014; Yang et al., 2017). PPCPs are classified as emerging contaminants due to their frequent detection in various water bodies at concentrations ranging from ng/L to µg/L (Dai et al., 2015; Yang et al., 2017; Zhang et al., 2020). Despite their high transformation rates, PPCPs are considered pseudo-persistent contaminants, since their degradation is balanced by a constant release into aquatic environments (Bottoni and Caroli, 2018).
Pharmaceuticals are divided in many classes, such as antibiotics, anti-inflammatory, analgesics, hormones, and anti-hypertensives (Zhang et al., 2017). They are discharged by many sources, largely represented by domestic wastewaters, improper manufacturer disposal and hospitals; however, they are mainly released by agriculture and aquaculture wastewaters (Yang et al., 2017; Bottoni and Caroli, 2018). In the environment, usually low but stable concentrations of pharmaceuticals, suggest prevailing chronic rather than acute effects (Fent et al., 2006; Zhang et al., 2017; Srain et al., 2021).
Antibiotics are one of the most widely used group of pharmaceutical compounds: for instance, in the United States the antibiotic usage was 17.900 tons in 2011/2012, while in China about 162.000 tons had been used in 2013 (Zhang et al., 2015). Moreover, the Organization for Economic Cooperation and Development (OECD) predicted a dramatic increase of antibiotic consumption in all livestock systems rising by 67% by 2030, with China and the United States as main contributors (Van Boeckel et al., 2015). Moreover, antibiotics are not only used as medical compounds, but also as agents to accelerate growth in livestock (Zhao et al., 2021). In this regard, the Food and Drug Administration of United States estimated that almost 80 percent of the total antibiotics was consumed for farm animals, with about 83% of antibiotic usage for prophylaxis or growth promotion (McEwen and Fedorka-Cray, 2002). Furthermore, half of the annual antibiotic production in China went into the animal industry with a total amount of 105,000 tons (Collignon and Voss, 2015). Antibiotics are found in water bodies near livestock and aquaculture sites, and most of the antibiotics provided are not completely metabolized and are directly excreted (Sweetman, 2005; Sarmah et al., 2006; Ju et al., 2019). In addition, the data from 76 countries, indicate that the total global antibiotic consumption rate grew by 39% between 2000 and 2015, up to 42.3 billion defined daily doses (DDDs) (Klein et al., 2018). This growth is caused by both world’s population increase and its food demand (Van Boeckel et al., 2015; Klein et al., 2018). Indeed, the global antibiotic consumption for livestock has been estimated at 63,200 tons in 2010, probably more than all human consumption (Van Boeckel et al., 2015; Pulicharla et al., 2017). Furthermore, increased demand for fishery products has promoted the intensification of aquaculture production, which in turn has led to an increasing usage of antibiotics for both prevention and treatment of bacterial diseases (Cañada-Cañada et al., 2009; De la Casa-Resino et al., 2021). In the European Union, Italy has one of the highest antibiotic consumption rates, with approximately 21.4 DDD/1,000 inhabitants die in 2018 (AIFA, 2019).
The antibiotics used in this study were Amoxicillin (AMX), Trimethoprim (TMP) and Ciprofloxacin (CIP). AMX is one of the most worldwide used β-lactams antibiotic, in both human and veterinary medicine for the treatment of gastrointestinal and system infections (Matozzo et al., 2016; De Franco et al., 2017). In 2000, AMX was the most-sold antibiotic compound in United Kingdom veterinary (Sarmah et al., 2006), while in 2007, AMX was the most-consumed antibiotic in France (Sabuncu et al., 2009). Leung et al. (2012) demonstrated that in sewage treatment plants in Hong Kong the AMX concentrations were 261 + 3 ng/L and 66 [image: image] 2 ng/L, in influent and effluent respectively). In Italy, the AMX concentrations in sewage effluents ranged from 1.88 to 120 ng/L (Andreozzi et al., 2004). In addition, Minh et al. (2009) observed AMX concentration ranging from 64 to 1,670 ng/L in sewage and from 0.64 to 76 ng/L in seawater from Victoria Harbour (Hong Kong). In Italy, Grobin et al. (2022) found an AMX concentration of 22.7 ng/L in rivers, while in a Turkish river, AMX was found at concentrations up to 1,654 ng/L (Aydin and Talinli, 2013). Moreover, in Greek seawaters, Alygizakis et al. (2016) quantified amoxicillin at a maximum concentration of 128 ng/L.
TMP is a synthetic sulphonamide that inhibits the dihydrofolate reductase; due to its anti-inflammatory, antioxidant, and neuroprotective properties, it is widely used in both human and veterinary medicine to treat gastrointestinal and respiratory tract infections (Sweetman, 2005; Gust et al., 2012). TMP is usually present in wastewater, at concentrations from tens to hundreds of ng/L (Carvalho and Santos, 2016). TMP concentration ranged from 124 [image: image] 12 ng/L (in influent) to 68 [image: image] 38 ng/L (in effluent) in sewage treatment plants in Hong Kong (Leung et al., 2012). Regarding marine coastal areas, Zhang et al. (2012) recorded a maximum TMP concentration of 330 ng/L in the Bohai Sea (China). In addition, maximum concentrations of 216 ng/L and 870 ng/L of TMP were recorded in Victoria Harbour, Hong Kong (Minh et al. (2009) and along the west coasts of Ireland (McEneff et al., 2014), respectively. In the Baltic Sea it was found at 0.5–3.4 ng/L (Borecka et al., 2013), while TMP concentration was up to 3.2 ng/L and 7.2 ng/L in Spanish seawaters and Ebro estuary, respectively (Čelić et al., 2019).
CIP is a fluoroquinolone that inhibits the gyrase B. In both human and veterinary medicine, it is the most used fluoroquinolone in eighteen European countries (Ferech et al., 2006; Gust et al., 2012; Papich, 2017). CIP is hardly biodegraded (Carabineiro et al., 2012), and in Italian rivers, CIP was observed at a concentration up to 60,1 ng/L (Grobin et al., 2022). Furthermore, in 2019, Zhang et al. (2020) observed, that CIP level was higher in the wet season (3.453 ± 0.979 ng/L) than in the dry season (3.091 ± 0.824 ng/L) in the Yinma River in Northeast China. CIP was also observed at a mean value of 83 ng/L in summer and 3,120 ng/L in winter in hospital effluents located in Turkey (Aydin et al., 2019). Furthermore, Kostich et al. (2014) demonstrated that CIP concentration was around 67 ng/L in effluents from wastewater treatment plants across the United States. Nevertheless, Feitosa-Felizzola and Chiron (2009) detected ciprofloxacin at maximum concentration of 9.7 μg L− 1 in Arc River (France). In Gościcina and Reda Rivers (Poland) CIP was found at 2.7 μg L− 1 (Wagil et al., 2014), while in the Spanish River Llobregat reported at 2 μg/L (Lòpez-Roldán et al., 2010). In coastal waters up to 109 ng/L of ciprofloxacin were recorded in coastal waters (Lu et al., 2018) and up to 6.4 ng/L in seawater (Čelić et al., 2019). Lastly, ciprofloxacin concentrations of 1.56–7.14 ng/L were detected in the estuary of Tejo River (Portugal) (Reis Santos et al., 2018).
Considering the widespread presence of antibiotics in aquatic ecosystems, it is crucial to assess the potential toxic effects of AMX, TMP, CIP, and antibiotics in general, to non-target aquatic organisms, such as marine invertebrates, whose chronic exposure to these compounds can cause detrimental effects (Kostich et al., 2014; Matozzo, 2014; Fabbri, 2015; Yang et al., 2017; Zhang et al., 2020). The aim of the present study was to evaluate the effects of the three antibiotics, both alone and as a mixture, on in vitro-exposed haemocytes of the Manila clam Ruditapes philippinarum, one of the major fishery and aquaculture species in the world, widely used in ecotoxicological studies (Matozzo and Marin, 2010; Liu et al., 2011). Haemocytes are the main immune effectors in clams, responsible for both cellular and humoral defense. They are also involved in many physiological processes, such as tissue repair and shell production, and are known to be susceptible to environmental modifications and toxicant exposure, acting as sentry cells. (Donaghy et al., 2009). Evidence of morphological and functional alterations in haemocytes can represent a first tool to screen toxicity and mode of action of environmental contaminants and their mixtures.
2 MATERIALS AND METHODS
2.1 Acclimatization of R. philippinarum
Clams of 3.5–3.8 cm shell length were collected from licensed areas for bivalve culture in the southern basin of the Venice Lagoon (Italy). Animals were acclimatized for 7 days in a 50 L aquarium filled with seawater (salinity of 35 and temperature of 17°C ± 0.5°C) under constant aeration with sandy bottom (10–15 cm thick). Seawater was renewed every 2 days and the clams were fed with a microalgae mixture (Tetraselmis chuii and Phaeodactylum tricornutum).
2.2 In vitro Assays
Several assays, each repeated twice, were sequentially performed on clam haemocytes. For each assay, a pool of hemolymph from six clams was used and five experimental conditions were assessed in duplicate: control in filtered sea water (FSW), AMX, TMP, CIP and antibiotic mixture (MIX). The antibiotics were tested at an environmentally realistic concentration of 1 µg/L in FSW, both alone and as a mixture. Haemolymph was drawn from the anterior adductor muscle with a 1-ml plastic syringe and pooled adding 0.5 ml of 0.38% sodium citrate in 0.45 µm FSW (pH of 7.5) to prevent clotting. The pool was centrifuged at 780 g for 10 min at 4°C. Afterwards, the pellet was carefully resuspended in FSW. Briefly, 60 µL of haemocyte suspension were placed in culture chambers made by a Teflon ring (15 mm internal diameter and 1 mm thick) smeared with petroleum jelly, glued to a siliconized glass slide, and covered with a coverslip. Chambers were kept upside down for 30 min at room temperature to allow haemocytes to adhere to coverslips (Ballarin et al., 1994). Then, the FSW was removed and replaced with an equal volume of FSW (control) or antibiotic solutions and the exposure lasted 60 min. Afterwards, the solutions were removed, and the cells were processed as described below. At least 100 cells per slide were observed under a light microscope (LM) (Leica DMLB) at 1,000X.
2.2.1 Haemocyte Viability Assay
Treated and untreated haemocytes were stained with 60 µL of Trypan blue (0.25% in FSW) for 5 min. The in vivo count of alive and dead cells (stained in blue) was performed under LM. Haemocyte viability was reported as the percentage of alive cells.
2.2.2 Haemocyte Morphology
After the exposure, haemocytes were fixed for 30 min at 4°C (1% glutaraldehyde and 1% sucrose in FSW), washed in phosphate-buffered saline (PBS: 1.37 M NaCl, 0.03 M KCl, 0.015 M KH2PO4, 0.065 M Na2HPO4, pH 7.2) for 10 min, stained for 10 min in 10% Giemsa solution, washed in distilled water, and mounted on glass slides with Aquovitrex (Carlo Erba, Milan, Italy). The slides were then observed under the LM at 1,000X. The percentage of stained haemocytes with a round shape was then estimated.
2.2.3 Neutral Red Retention Assay
Neutral Red (NR) retention assay allows to evaluate the lysosome membrane stability. Briefly, after the removal of the treatment solution, 60 µL of NR solution (0.0008%) were added and haemocytes were incubated for 10 min at room temperature to allow the uptake of the staining solution (Lowe, 1995). Then, haemocytes were observed in vivo under LM at 1,000X. One hundred cells per slide were observed. The results were expressed as percentage of damaged haemocytes (reddish pink cytoplasm).
2.2.4 Hydrolytic Enzymes
After the exposure, the haemocytes were fixed as described above and incubated in specific reaction mixture.
- β-glucuronidase: fixed haemocytes were washed for 10 min in 0.1 M sodium acetate buffer (pH 5.2) and incubated for 2 h at 37°C with a mixture containing 4 mg naphthol AS-BI β-glucuronide (Sigma) dissolved in 250 µL dimethylformamide (DMF), 400 µL solution A [0.4 g pararosaniline (Fluka), 2 ml HCl 37%, 8 ml distilled water], 400 µL solution B (4% NaNO2 in distilled water) and 20 ml of 0.1 M sodium acetate buffer (pH 5.2) (Hayashi et al., 1964). Haemocytes were then washed for 10 min in sodium acetate buffer and mounted using Aquovitrex. Positive haemocytes were stained red.
- Acid phosphatase: after the fixation, haemocytes were washed for 10 min in 0.1 M sodium acetate buffer, pH 5.2, and then incubated for 1 h at 37°C in a mixture like that described before, but containing 10 mg naphthol AS-BI phosphate (Sigma) previously dissolved in 400 µL DMF as substrate (Cima et al., 2000). Positive haemocytes were stained red.
- Alkaline phosphatase: fixed haemocytes were washed with Tris/HCl (pH 9.0) for 10 min. Then, they were incubated for 2 h at 37°C with a mixture containing 0.05 g of naphthol AS-BI phosphate in 2 ml of DMFA, 2 ml of solution A, 2 ml of solution B and raised up to 100 ml by adding TRIS/HCl (Burstone, 1962) After a second wash, the coverslips were mounted using Aquovitrex. Results were expressed as percentage of positive (violet) cells.
- 5′ Nucleotidase: after exposure, the coverslips were washed with Tris/maleate buffer for 10 min and incubated for 2 h at 37°C with the reaction mixture (0.04 g of adenosine-5′-monophosphate dissolved in 44 ml of distilled water, 40 ml of Tris/maleate buffer, 6 ml of 2% lead nitrate and 10 ml of 2.5% magnesium sulfate). After the incubation, the coverslips were washed with 0.2% ammonium sulphide for 2 min and then with distilled water for 5 min before being mounted (Wachstein and Meisel, 1957). The results were expressed as percentage of positive cells (stained black).
- Peroxidase: after exposure, the coverslips were washed with PBS buffer for 10 min and then incubated for 2 h at 37°C with the reaction mixture (0.05 g of 3–3’ diaminobenzidine tetrahydrochloride in 100 ml of distilled water with 50 µL of 30% hydrogen peroxide) (Graham and Karnovsky, 1966). The coverslips were washed with distilled water for 10 min and mounted using Aquovitrex. The results were expressed as percentage of positive cells (stained brown).
2.2.5 Intracellular Superoxide Anion
Intracellular superoxide anion was detected using the method of Song and Hsieh (1994). After the exposure, 60 µL of the antibiotic solutions were removed and replaced by 60 µL of nitro blue tetrazolium chloride (NBT) 0.2% solution, and incubated for 1 h at room temperature, fixed as described above and washed for 10 min in PBS. The reaction product (formazan) was solubilized by adding a solution containing 120 μL 2 M KOH and 140 μL DMSO for 30 min. The slides were then mounted and the results were expressed as percentage of positive (blue) cells.
2.2.6 Micronucleus Assay (MN)
Micronucleus test, which allows the detection of genotoxic damage, was performed according to the method of Pavlica et al. (2000). After 1 h of exposure of haemocytes to antibiotics in Eppendorf tubes, 150 µL of haemolymph were placed on a microscopy slide and left for 15 min in a humidified chamber at room temperature to allow haemocyte adhesion. The haemocytes were then fixed with a glutaraldehyde solution (1% in FSW) for 5 min. The slides were washed with phosphate-buffered saline (PBS), stained with Hoechst dye 33,258 solution (1 µg/ml) for 5 min, rewashed with PBS, mounted in glycerol-McIlvaine buffer (1:1), covered with a coverslip and kept in the dark at 4°C until examination. The slides were observed under an Olympus CX31 fluorescent microscope, equipped with a submerged lens at 1,000X magnification. Two hundred nuclei were counted for each slide. Micronuclei and chromosome aberrations (e.g., multipolar, or multinucleated cells, eight-shaped nuclei) were identified according to Kirsch-Volders et al. (2000) and Pavlica et al. (2000), and the results were expressed as the MN frequency and aberration frequency (‰).
2.2.7 Spectrophotometric Assays
NR uptake assay was performed according to the procedure reported in previous studies (Cajaraville et al., 1996; Matozzo et al., 2002). The assay evaluates the capability of haemocytes to carry out endocytosis. In detail, 500 µL of pooled haemolymph was centrifuged at 780 g for 10 min and haemocytes were resuspended in an equal volume of FSW (control) or antibiotic solutions. After the exposure, haemocytes were centrifuged at 780 g for 10 min, resuspended in an equal volume of NR dye solution (0.0008%) in FSW, and incubated at room temperature for 30 min. Again, they were centrifuged at 780 g for 10 min, re-suspended in distilled water, and centrifuged at 12,000 g for 5 min at 4°C. The supernatant (haemocyte lysate) was collected and the absorbance was recorded using a Beckman 730 spectrophotometer at 550 nm. The results were expressed as optical density per ml of haemolymph (OD550/ml haemolymph).
As for phenoloxidase (PO) activity, after the exposure to antibiotics, haemocytes were centrifuged at 3,000 g for 10 min at room temperature. After the centrifugation, the supernatant was removed, and cells were resuspended in PBS. Then, in a new tube 100 µL of sample in PBS with 900 µL of l-DOPA were added and incubated at 37°C for 30 min. The supernatant was collected and the absorbance was recorded using a Beckman 730 spectrophotometer at 490 nm. The results were expressed as optical density per U of phenoloxidase/mg of protein.
2.3 Statistical Analysis
The ANOVA assumptions (normal distribution and homogeneity of the variance) were assessed. The STATISTICA 13.4 software package (StaSoft, Tulsa, OK) was used to perform the one-way ANOVA and the LSD post-hoc test. Data are reported as mean ± standard error (SE, n = 4). Asterisks denote significant differences with respect to controls: *p < 0.05, **p < 0.01, ***p < 0.001.
3 RESULTS
Based on the Trypan Blue assay, the tested concentrations of the 3 antibiotics and their mixture did not significantly affect haemocyte viability (ANOVA: F = 1.19, p = 0.354) (Figure 1A, Supplementary Figures S1A,S1B).
[image: Figure 1]FIGURE 1 | Haemocytes of R. philippinarum exposed to AMX, TMP, CIP and MIX. (A) Percentage of viable haemocytes. (B) Percentage of round-shaped haemocytes stained with Giemsa. (C) Percentage of haemocytes showing Neutral Red loss into the cytoplasm. (D) Neutral Red uptake by haemocytes. Values are means +SD, n = 4. Asterisks denote significant differences with respect to controls (FSW): *p < 0.05, **p < 0.01, ***p < 0.001.
Conversely, the treatment significantly affected the percentage of round cells (ANOVA: F = 13.45, p = 0.000). In detail, the LSD post-hoc test revealed a significant increase of the percentage of round-shaped cells after exposure to AMX (p < 0.001) and CIP (p < 0.05) (Figure 1B, Supplementary Figure S1C).
In addition, the NR retention assay highlighted that the three antibiotics and their mixture significantly affected the lysosomal membrane stability of haemocytes (ANOVA: F = 99.92, p = 0.000). In all treatments, the LSD post-hoc test revealed a significant (p < 0.001) increase in the percentage of haemocytes showing dye loss from lysosomes into cytosol when compared with the control (Figure 1C, Supplementary Figure S1D). However, based on the spectrophotometric NR uptake assay, in vitro exposure to the 3 antibiotics and their mixture did not significantly affect (ANOVA: F = 1.93, p = 0.156) the endocytotic capability of haemocytes (Figure 1D).
As for intracellular superoxide anion, the exposure to antibiotics significantly increased the intracellular production of O2− in haemocytes (ANOVA: F = 25.13, p = 0.000). In pairwise comparisons, the percentage of positive cells significantly increased in cells treated with AMX, CIP and MIX (p < 0.001) and in TMP (p < 0.01), with respect to the control (Figure 2A, Supplementary Figure S1E).
[image: Figure 2]FIGURE 2 | (A) Percentage of haemocytes with blue precipitate of formazan, denoting O2− production. (B) Percentage of haemocytes positive to acid phosphatase activity. (C) Percentage of haemocytes positive to β-glucuronidase activity. (D) Percentage of haemocytes positive to alkaline phosphatase activity. (E) Phenoloxydase activity in haemocytes. Asterisks denote significant differences with respect to controls (FSW): *p < 0.05, **p < 0.01, ***p < 0.001.
The percentage of haemocytes positive to acid phosphatase was significantly affected by treatment (ANOVA: F = 39.80, p < 0.001). In particular, the percentage of cells with red-orange granules showed a significant increase (p < 0.001) in all treatments, compared to control (Figure 2B, Supplementary Figure S1F).
On the contrary, β-glucuronidase (ANOVA: F = 1.58, p = 0.228) (Figure 2C, Supplementary Figure S1G), alkaline phosphatase (ANOVA: F = 0.21, p = 0.924) (Figure 2D, Supplementary Figure S1H) and phenoloxydase (ANOVA: F = 2.50, p = 0.086) activities were not influenced by the treatments (Figure 2E). Similarly, 5’ nucleotidase and peroxidase remained unchanged after the exposure (ANOVA: F = 0.46, p = 0.758 and ANOVA: F = 0.57, p = 0.687, respectively) (Figures 3A,B, Supplementary Figures S1I,S1J).
[image: Figure 3]FIGURE 3 | Percentage of haemocytes positive to 5′ nucleotidase (A) and to peroxidase activity (B).
The micronucleus assay revealed that antibiotics did not significantly increase the MN frequency (ANOVA: F = 2.50, p = 0.086) (Figures 4A, 5). However, we observed a significant effect of treatment on the chromosomal aberration frequency (ANOVA: F = 10.72, p < 0.001) (Figures 4B, 5), with a significant increase in the frequency of aberrations at all treatments (p < 0.001 for AMX and TMP treatments, p < 0.01 for CIP and MIX, respectively).
[image: Figure 4]FIGURE 4 | Frequency of micronuclei (A) and chromosomal aberrations (B) in haemocytes. Asterisks denote significant differences with respect to controls (FSW): *p < 0.05, **p < 0.01, ***p < 0.001.
[image: Figure 5]FIGURE 5 | Chromosomal aberrations and micronuclei in R. philippinarum haemocytes following exposure to antibiotics and their mixture. (A) Normal nucleus. (B) Micronucleus. (C) Multipolar cell.
4 DISCUSSION
In the present study, clams’ haemocytes were exposed in vitro to assess the potential toxicity of three antibiotics, such as Amoxicillin, Trimethoprim, Ciprofloxacin, and a mixture of all of them. Although the presence of AMX, TMP, CIP is continuously reported in aquatic environments, in-depth knowledge of potential toxicity of these pharmaceuticals, alone or as a mixture, to non-target aquatic invertebrates, such as bivalves, is scarce.
Based on the results of Trypan Blue assay, all the tested concentrations of the antibiotics were sublethal. However, all the antibiotics and their mixture strongly affected the lysosomal membrane stability of haemocytes. Similarly to our results, Binelli et al. (2009a) observed a significant destabilization of lysosomes with a significant decrease in NR retention time in in vitro exposed haemocytes of Dreissena polymorpha to TMP. In the same species, after an in vivo exposure to TMP the lysosomal membrane stability was reduced in a dose- and time-dependent manner (Binelli et al.,2009b). However, we did not observe detrimental effects on endocytotic capability of haemocytes assessed by the NR uptake assay.
The antibiotics tested in our study increased the proportion of round-shaped cells, probably as a consequence of detrimental effects on the cytoskeleton as previously observed in haemocytes in vitro exposed to PFAS (Fabrello et al., 2021). In a previous study, Matozzo et al. (2015) observed that the haemocyte volume was significantly lower in clams exposed for 1 day to 600 ng/L TMP and significantly higher in those exposed for 3 days to 900 ng/L TMP compared to the controls. In that study, haemocyte proliferation increased significantly in clams exposed for 1 and 3 days to 900 ng/L TMP and in those exposed for 7 days to 300, 600 and 900 ng/L TMP compared with control clams.
Alterations of enzyme activities were observed in haemocytes of bivalves exposed to various contaminants, such as glyphosate (Matozzo et al., 2018; Matozzo et al., 2019) and C6O4—a substitute of perfluorooctanoic acid— (Fabrello et al., 2021). Hydrolytic enzymes play an important role in immune and oxidative stress defense, acting against both pathogens and ROS production following contaminant exposure. In this study, both intracellular superoxide anion and acid phosphatase assays showed an increase in the percentage of positive haemocytes in all treatments, when compared to control. In particular, the percentage of positive cells to intracellular superoxide anion increased by 5–12 folds with respect to control. In addition, the same pattern of variation was observed among treatments in the two cytochemical assays, with the lowest values in TMP-treated cells and the highest in the mixture-treated cells. Like in our study, TMP was shown to alter enzyme activities in previous studies. For example, TMP increased lactate dehydrogenase activity (indicative of cell damage) in clam hemolymph after 3 and 7 days of exposure to 300, 600 and 900 ng/L TMP, compared to controls (Matozzo et al., 2015). TMP also decreased the lysozyme activity in the haemocyte lysate (HL) of clams exposed for 1 day to 600 ng/L TMP and in those exposed for 3 days to 600 and 900 ng/L TMP. In addition, TMP was shown to highly promote the phagocytosis of in vitro treated haemocytes from Elliptio complanata (Gagné et al., 2006). Acid phosphatase increased by 3–5 fold in our experiment after exposure to antibiotics. On the contrary, the percentage of cells positive to the other two hydrolytic enzymes, alkaline phosphatase and β-glucuronidase, was not altered.
Previous studies demonstrated that antibiotics alter the antioxidant system and induce oxidative stress. In Cyprinus carpio, Elizalde-Velazquez, et al. (2017) observed that AMX and amoxicilloic acid induced oxidative stress and oxidative damage in several organs of animals exposed to the antibiotic (10 ng/L, 10 µg/L, 10 mg/L). Similar results were obtained by González-González et al. (2021) in zebrafish embryos o exposed at 0.039 µg/L of AMX. Moreover, in haemocytes of the freshwater bivalve Elliptio complanata, TMP increased the intracellular ROS level at all the tested concentrations (0.2, 1, 5 and 25 times the recorded effluent concentration of 50 ng/L) and at the highest CIP concentration (2.5 µg/L) (Gust et al., 2012). Interestingly, in the same study, the mixture of six antibiotics (including TMP and CIP), also increased the ROS intracellular levels at the 5x and 25x tested concentrations. An increase of the immunocapacity and immunoefficiency of haemocytes was observed after TMP, CIP, and mixture exposure (Gust et al., 2012). Oxidative damage was observed after exposure of Danio rerio embryos at high concentrations of paracetamol, CIP, and their mixture, resulting in alterations of zebrafish embryonic development (Rosas-Ramírez et al., 2022). Moreover, in the fish Cirrhinus mrigala exposed to environmentally realistic CIP concentrations (1 μg/L and 1.5 μg/L) there was an increase of the superoxide dismutase activity (SOD) and lipid peroxidation in gills, liver, and kidney, whereas catalase activity (CAT) decreased in gill and liver, but significantly increased in kidney. Moreover, CIP promoted a series of histological anomalies in gills, liver, and kidney tissues (Ramesh et al., 2021). Indeed, antibiotics can also induce malformations affecting the normal development as demonstrated by González-González et al. (2021) in zebrafish embryos exposed to AMX.
The Micronucleus test is one of the most-used biomarkers of genotoxicity in aquatic organisms (Bolognesi and Fenech, 2012), in both laboratory and field conditions (Crupkin et al., 2021; Musrri et al., 2021) (Figure 4A). In this study, there was no significant increase of micronucleus frequency in R. philippinarum haemocytes following exposure to the antibiotics tested. Conversely, MN frequency was found significantly increased in haemocytes from both clams (R. philippinarum) and mussels (M. galloprovincialis) exposed in vivo to AMX (Matozzo et al., 2016). However, in that study the tested concentrations were 1,000 and 4,000 higher than ours. In the blood cells of Cyprinus carpio, AMX induced DNA damage and cytotoxic effects with a significant increase of micronucleus frequency and DNA fragmentation at environmentally realistic concentrations of 0.039 µg/L and 1.67 µg/L (Orozco-Hernández et al., 2019). Furthermore, in an in vitro study, Lacaze et al. (2015) observed that TMP was genotoxic at 200 µg/L and immunotoxic at 20 mg/L on haemocytes of Mytilus edulis. Parolini et al. (2013) observed an increase in the percentage of apoptotic haemocytes of Dreissena polymorpha after 72 and 96 h of exposure to 1 nM (corresponding to 290 ng/L) of TMP. However, the NR retention time did not change and a slight but not significant increase in the micronuclei percentage was found. Interestingly, we observed an increase in the frequency of chromosomal aberrations after all treatments (Figure 4B), with AMX- and TMP-treated haemocytes showing the highest values. This result suggested that more evident genotoxic damage could be revealed by longer haemocyte exposure time, as recently observed in clam haemocytes exposed in vitro the new PFAS C6O4 (Fabrello et al., 2021). A significant increase in genetic damage index was detected in Daphnia magna starting from 0.013 mg/L of ciprofloxacin (Nunes et al., 2017).
Lastly, Trombini et al. (2021) evaluated the toxicity effects of mixtures of ciprofloxacin, flumequine and ibuprofen at low and high concentrations (10 and 100 μg/L) on the crayfish Procambarus clarkii over 21 days of exposure. Alterations were observed in activity of antioxidant and biotransformation enzymes, as well as in proteins involved in carbohydrate metabolism and immune response. However, the effects of the single pharmaceuticals were not assessed in that study (Trombini et al., 2021).
5 CONCLUSION
In this study, we tested the hypothesis that AMX, TMP, CIP and the mixture affect functional characteristics of haemocytes of a non-target species, R. philippinarum, an ecologically and commercially relevant bivalve species. Overall, results highlighted increased oxidative stress in cells exposed to the antibiotics. The increased intracellular production of superoxide anion probably resulted in damage to lysosomal membranes and increased chromosomal aberrations, even though cell viability did not change. The exposure to the antibiotic mixture did not always result in an additive effect, when compared with the single antibiotics. Indeed, the most detrimental effects on lysosomal membrane stability, cell shape and aberration frequency were observed in AMX treated cells. This suggested potential antagonistic interactions among antibiotics in the mixture. In conclusion, efforts should be addressed at evaluating and comparing effects of both individual compounds and their mixtures, in order to highlight a more realistic risk to aquatic organisms, with particular attention to marine coastal species which have been scarcely considered in previous studies.
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