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Pharmaceuticals can enter surface waters via sewage treatment plants. In the environment, the substances and their transformation products, formed by the degradation of the parent compounds, can affect aquatic wildlife, including freshwater invertebrates. However, research on pharmaceutical-induced effects in wild freshwater organisms other than fish is still scarce. In our study, we investigated the impact of the highly consumed antidiabetic drug metformin and its main transformation product, guanylurea, on the health of a freshwater gastropod—the big ramshorn snail (Planorbarius corneus) by analysing its biochemical and cellular stress responses and apical parameters. The snails were exposed to different concentrations of the drug (0, 0.01, 0.1, 1, and 10 mg/L) and its transformation product (0, 0.1, 10, and 100 mg/L). The examined parameters were mortality, weight, tissue integrity of the hepatopancreas, and the levels of stress proteins and lipid peroxides. Mortality and the levels of stress proteins and lipid peroxides were not influenced by the two substances. In response to the highest concentrations of both chemicals, the weight of the snails was slightly but not significantly reduced. The histopathological investigation of the hepatopancreas revealed a significant effect of guanylurea at a concentration of 100 mg/L with an increased number of symptoms of cellular responses in the tissue (e.g., dilated lumen, disturbed compartmentation of the digestive cells, nucleus deformation, hyperplasia, and hypertrophy of crypt cells). For the parent compound, a similar trend was also observed for the highest concentration. Overall, the observed effects did not occur at environmentally relevant concentrations, but at concentrations which were 10,000 times higher than these. Thus, the results did not give rise to a major concern that metformin and guanylurea could pose a risk to the big ramshorn snail in the environment.
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INTRODUCTION

The antidiabetic drug metformin, which is used to treat type 2 diabetes, is one of most prescribed pharmaceuticals worldwide (Gong et al., 2012; Scheurer et al., 2012). Its pharmaceutical effect is related to a reduction in blood glucose level due to a reduction in gluconeogenesis and glycogenolysis, and an increase in glucose uptake into cells (Hundal et al., 1992; Wiernsperger and Bailey, 1999; Natali and Ferrannini, 2006; An and He, 2016). The hepatic metabolism of metformin is negligible (Scheen, 1996) and ~52% of the drug is excreted in the urine after 48 h in humans (Pentikäinen et al., 1979). Consequently, it can enter sewage treatment plants at concentrations of 101–129 μg/L (Scheurer et al., 2009). During wastewater treatment, ~90% of the drug is removed from the treated sewage and microbially transformed into guanylurea (Scheurer et al., 2012; Oosterhuis et al., 2013; Tisler and Zwiener, 2018, 2019). In surface waters, Scheurer et al. (2012) measured metformin and its transformation product at concentrations of up to 3 μg/L and up to 28 μg/L, respectively. Several studies have addressed possible metformin-induced effects in fish (Niemuth and Klaper, 2015, 2018; Niemuth et al., 2015; Crago et al., 2016; Jacob et al., 2018; Ussery, 2018), however, to the best of our knowledge, only a single study has reported the negative effects of guanylurea on fish (Ussery, 2018). Furthermore, data on the effects of metformin and its transformation product on invertebrates are scarce. In two studies, the acute toxicity of metformin and guanylurea was determined by means of the acute Daphnia magna immobilisation test, resulting in EC50 (effective concentration)-values of 64 mg/L for metformin (Cleuvers, 2003) and of 40 mg/L for guanylurea (Markiewicz et al., 2017) after 48 h. Caldwell et al. (2019) showed that the geometric average of the no observed effect concentrations (NOEC) of five OECD 211 chronic reproduction tests with Daphnia magna was 45.2 mg/L for metformin. In a chronic reproduction study with Ceriodaphnia dubia according to the ISO 30665, a NOEC of 8 mg/L was determined for guanylurea (Caldwell et al., 2019). García-García et al. (2017) showed that the population increase of two rotifers was affected by metformin at a concentration of 25 μg/L, however the effects of guanylurea have not been investigated. To the best of our knowledge, no study so far has focussed on the effects of metformin and guanylurea on freshwater gastropods. We chose the big ramshorn snail (Planorbarius corneus) as a representative gastropod since it is widespread and has a relevant function in freshwater ecosystems serving as prey for fish and birds (Costil and Bailey, 1998). Thus, the aim of our study was to investigate whether the two substances can influence the health of the big ramshorn snail (Planorbarius corneus) by: (1) investigating mortality and body weight, (2) analysing stress proteins in the hepatopancreas and the lipid peroxide level in the foot, and (3) examining the histopathological effects in the hepatopancreas.

The levels of heat shock proteins with an approximate weight of 70 kDa were measured in the hepatopancreas of the test organisms. These proteins belong to the Hsp70 stress protein family and are highly conserved across a wide range of taxa (Margulis et al., 1989). They serve to fold unfolded proteins and to re-fold partially damaged proteins. Analysis of the level of stress proteins is a general, unspecific marker for all kinds of proteotoxic stressors (Köhler and Triebskorn, 2004). Piro et al. (2012) showed that expression of Hsp70 in the pancreas of rats exposed to high free fatty acids levels can be reduced by metformin. Thus, we wanted to investigate whether metformin might exert similar effects on the Hsp70 level in an aquatic non-target organism. To our knowledge, no data is available on possible influences of guanylurea on stress proteins.

To verify oxidative damage, the lipid peroxide level was analysed in the foot of the snails, which is an organ in direct contact with the test medium containing metformin or guanylurea. Lipid peroxides result from reaction of reactive oxygen species (ROS) with polyunsaturated lipids (Monserrat et al., 2003). These ROS are produced by a variety of biochemical processes, such as aerobic respiration or the metabolism of xenobiotics (Betteridge, 2000; Valavanidis et al., 2006). Whenever the balance between the generation of ROS and the anti-oxidative defence system is disturbed, oxidative stress arises (Betteridge, 2000). Under oxidative stress conditions, lipid peroxides might lead to a loss of essential cellular functions (Hermes-Lima et al., 1995). For example, the membrane fluidity of mitochondria can be altered (Chen and Yu, 1994) resulting in an impaired function of the respiration chain and cellular energetics (Bindoli, 1988). Metformin is known to reduce oxidative stress and to attenuate lipid peroxidation in vitro in human leukocytes and in vivo in rodents and humans (Tessier et al., 1999; Anurag and Anuradha, 2002; Bonnefont-Rousselot et al., 2003; Martin-Montalvo et al., 2013). It is not known, whether metformin exerts similar effects in non-target organisms such as the big ramshorn snail. Furthermore, there is no information about the effects of guanylurea on oxidative stress.

The hepatopancreas (syn. midgut gland, digestive gland) is the main metabolic organ in molluscs. Its functions include the digestion and absorption of nutrients, as well as the detoxification and immobilisation of xenobiotics (Dallinger and Wieser, 1984; Roszer, 2014). Several studies have shown that chemicals and other stressors can affect the hepatopancreas of snails both structurally and biochemically (Klobučar et al., 1997; Otludil et al., 2004; Zaldibar et al., 2007; Dittbrenner et al., 2008; Osterauer et al., 2010), thus, histopathological investigations are a suitable tool to evaluate the health status of stress-exposed gastropods.

Overall, we assessed the effects of metformin and guanylurea in the big ramshorn snail (Planorbarius corneus), focusing on biochemical and histological analyses as well as apical parameters.

MATERIALS AND METHODS

Test Organism

The big ramshorn snail (Planorbarius corneus) is a freshwater pulmonate that belongs to the Planorbidae family. This hermaphroditic snail lives in stagnant or slowly moving waters in Europe (Glöer, 2002). The individuals used for the present study were the progeny of snails obtained from the pet shop Kölle Zoo (Stuttgart, Germany) and the shipping company Bachflohkrebse.de (Stuttgart, Germany). The big ramshorn snail is a good model organism since it is easy to handle in the laboratory and has a rather short generation time (Costil and Daguzan, 1995). Moreover, it is an important representative of non-target freshwater gastropods and is sensitive to pollutants (Otludil et al., 2004).

Test Substances

Metformin hydrochloride was purchased from Sigma-Aldrich (CAS number: 1115-70-4; Batch number: BCBP0558V; purity 99.9%; St. Louis, MO, USA). It was readily soluble in water with a water solubility of 16.56 g/L (TOCRIS, 2017). The concentrations of metformin investigated in the present study refer to the metformin free base (C4H11N5) without the anion.

Guanylurea sulphate was purchased from Tokyo Chemical Industry (CAS number: 591-01-5; Lot: WIA7F and AKJLG; purity 98%; Tokyo, Japan). With a solubility in water of 50 g/L (ChemIDplus1), the substance was readily soluble in water. The concentrations of guanylurea applied in the present study were based on the pure ingredient (C2H6N4O) without the anion.

Exposure Experiments

The snails were exposed to different nominal water concentrations of metformin (0, 0.01, 0.1, 1, 10 mg/L) and guanylurea (0, 0.1, 10, 100 mg/L) at 11°C in a climate chamber with three replicates per concentration. This temperature was chosen to simulate spring conditions. The experiment with metformin lasted 35 d (11.11.2016–16.12.2016), the test with guanylurea 21 d (02.06.2017–23.06.2017). The exposure took place in a semi-static system in glass aquaria containing 10 L medium and seven snails each. Once a week, 50% of the medium was replaced with freshly prepared medium using aerated, filtered tap water (iron filter, active charcoal filter, particle filter). The snails were fed every second day with commercial algae tablets (NovoPleco, JBL, Neuhofen, Germany). Excess food or faeces were removed during the water exchange process. The illumination conditions were set to a 10 h light/14 h dark-cycle to account for the mean day length under spring conditions. Water temperature, oxygen content, conductivity, and pH were measured at the beginning and end of the experiments. At the end of the experiments, the snails were weighed and their shells were removed. For 15 snails per treatment (five individuals per replicate aquarium), the anterior part of the hepatopancreas was chemically fixed with glutardialdehyde for histological examinations, and the posterior part was frozen in liquid nitrogen for stress protein analyses. Moreover, from every dissected individual, samples of the foot were frozen in liquid nitrogen for lipid peroxide analysis.

Chemical Analyses

For the quantification of metformin and guanylurea in the respective aquaria, water samples were taken at the beginning and end of the experiments as well as before and after a water exchange at days 7 and 21 for the experiment with metformin, and at days 6 and 12 for the experiment with guanylurea (see Supplement Paragraph 1, Tables S4, S5). The samples were stored at−20°C until processing. The determination of the actual water concentrations was performed by liquid chromatography coupled with mass spectrometry (LC-MS) using a 1,260 Infinity high pressure liquid chromatography (HPLC) system (Agilent Technologies, Waldbronn, Germany) with a triple quadrupole mass spectrometer (QqQ-MS 6490, Agilent Technologies, Santa Clara, CA, USA). For the separation, a Phenomenex LUNA 5 u HILIC 200 A column (150 × 3 mm; 5 μm particle size) with a flow rate of 0.5 mL/min at 40°C was used. A gradient elution was performed with eluent A (aqueous buffer with 15 mM ammonium formate and 0.1% formic acid) and eluent B (acetonitrile with 0.1% formic acid) (all chemicals purchased from Fisher Scientific, Schwerte, Germany). For 0–4 min, 95% of eluent B was used, decreased to 50% within 4 min and held for 6 min. After switching back to the starting conditions, post time was 8 min.

Samples (composed of 90% acetonitrile and 10% H2O due to dilution) were kept in the autosampler at 10°C and the injection volume was 10 μL. A calibration was typically performed between 0.1 and 10 μg/L in 90% acetonitrile and 10% H2O with metformin-D6 as an internal standard. The concentration of metformin-D6 was 1 μg/L in the diluted samples and calibration standards. The ionisation of substances was performed in the positive ionisation mode. Further details of the operating parameters of the electrospray ionisation source and the Agilent Jet Stream technology are provided in the (Supplement Paragraph 1, Table S1). The acquired data were processed using the software Mass Hunter (Agilent Technologies). For quantification and confirmation, mass transitions were monitored for each analyte in the dynamic multiple reaction monitoring mode. Details are given in the (Supplement Paragraph 1, Table S2). The limit of quantification (LoQ) was 1 ng/L for metformin and 10 ng/L for guanylurea. Intra- and inter-day variations in the analytical method are given in the (Supplement Paragraph 1, Table S3).

Stress Protein Analyses

To quantify Hsp70 in the hepatopancreas of the snails, samples were homogenised with a mixture of 98% extraction buffer and 2% protease inhibitor (3 mL mixture/g sample) according to the protocol described by Dieterich et al. (2015). The total protein content was determined according to Bradford (1976). The proteins were separated according to their weight using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). A standardised amount of 40 μg total protein was analysed per sample. After semi-dry blotting onto a nitrocellulose membrane, a primary antibody (monoclonal α-Hsp70 IgG; Dianova, Hamburg, Germany) was used to specifically detect all isoforms of the Hsp70 protein family, followed by the binding of a secondary antibody (peroxidase-coupled α-IgG; Jackson Immunoresearch, West Grove, PA, USA) to the primary antibody. Membranes were stained with 4-chloro-1-naphthol, scanned, and the optical volume (band area × average grey scale value) of the samples was quantified using the image processing program ImageJ in relation to an internal standard (brown trout whole body homogenate).

Lipid Peroxide Analyses

The level of lipid peroxides in the foot of the snails was determined using the FOX (ferrous oxidation xylenol orange)-assay according to a modified version of the protocol from Hermes-Lima et al. (1995) and Monserrat et al. (2003). Foot samples were diluted 1:4 in HPLC-grade methanol, homogenised, and centrifuged at 4°C at 14,000 rpm for 5 min. In each well, 50 μL each of FeSO4, H2SO4, and xylenol orange, 25 μL sample supernatant, and 25 μL bi-distilled water were added resulting in a total volume of 200 μL. Each sample was tested in triplicate and also as sample blank without FeSO4 to account for endogenous ferrous in the foot sample. Subsequently, the samples were incubated for 75 min (for the metformin experiment) and for 65 min (for the guanylurea experiment) at room temperature. Then, the absorbance was measured at 570 nm using an automated microplate reader (Bio-Tek Instruments; Winooski, VT, USA) and 1 μL of 1 mM cumene hydroperoxide (CHP) solution was added per well. After 30 min of incubation at room temperature, the absorbance was measured again and cumene hydroperoxide equivalents (CHPequiv.) were calculated according to the following equation:
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where volumeCHP = 1 μL; total volume = 200 μL; sample volume = 25 μL; and dilution factor = 4.

Histopathological Investigations

The samples were fixed in 2% glutardialdehyde (Merck KGaA, Darmstadt, Germany) diluted with a cacodylate-sodium buffer (0.01 M, pH 7.4; AppliChem GmbH, Darmstadt, Germany) for at least 2 weeks. After washing with the buffer, the samples were dehydrated with a graded ethanol series and decalcified with a 1:2 mixture of formic acid and 70% ethanol. Then, the samples were infiltrated with paraffin wax (Parablast, Leica, Wetzlar, Germany) in a tissue processor (TP 1020, Leica). Subsequently, the samples were cut into 3 μm slices with a microtome (SM 2000 R, Leica) and stained with haematoxylin-eosin in an automatic slide stainer (Varistain 24-4, Thermo Scientific, Germany; protocol in the Supplement Paragraph 2). The investigation of the hepatopancreas was conducted using a light microscope (Axioskop 2, Zeiss, Oberkochen, Germany) in three steps: first, the status of the tissue was qualitatively described, second, the samples were classified in a semi-quantitative manner into one of five categories (1: control, 2: slight reaction, 3: medium reaction, 4: strong reaction, 5: destruction) according to the classification scheme of Osterauer et al. (2010). In the third step, the samples were categorised again in a blinded and randomised manner to avoid observer bias in the final evaluation. Two people each performed the histological examination for one experiment and both analyses were verified by the first author.

Statistical Analysis

Statistical analyses were performed using JMP 13 from SAS (Cary, NC, USA). Upon necessity to achieve normal distribution and homoscedasticity, data were transformed with square root (body weight data of metformin) or natural log (body weight data of guanylurea) functions. Mortality data were analysed using a COX-regression. For weight, stress protein and lipid peroxide analyses, a nested ANOVA using the replicate as a nesting factor, followed by a Dunnett's post-hoc test was performed. For the histopathological investigation, a likelihood-ratio-χ2-test was used to detect significant differences between the exposure groups. The statistical tests used and the corresponding p-values are provided in the “Results” section. Further information (degrees of freedom, number of individuals investigated, χ2- and F-values) is provided in the (Supplement Paragraph 3). The α-level was set to 0.05; in the case of multiple comparisons, the α-level was adjusted with a sequential Bonferroni correction. A statistical comparison of the results of the experiment with metformin with those of the experiment with guanylurea was not possible since the experiments were not conducted at the same time and the exposure time was different. Consequently, we only compared the data from the two experiments in a qualitative way.

Credibility of Data

Details about the fulfilment of the criteria for reporting and evaluating ecotoxicity data (CRED) according to Moermond et al. (2016) are given in the (Supplement Paragraph 4).

RESULTS

Water Quality Parameters

Temperature, oxygen concentration, pH, and conductivity were measured at the beginning and end of the experiments (metformin: temperature = 10.30 ± 0.13°C; oxygen concentration = 10.03. ± 0.27 mg/L.; pH = 8.16 ± 0.09; conductivity = 460.73 ± 6.60 μS/cm; guanylurea: temperature = 10.55 ± 0.23°C; oxygen concentration = 10.58 ± 0.17 mg/L; pH = 8.32 ± 0.04; conductivity = 499.42 ± 26.93 μS/cm). Further details regarding these measurements are given in the (Supplement Paragraph 5).

Chemical Analysis

The measured water concentrations in the test aquaria were in good accordance with the nominal water concentrations of metformin and guanylurea (Tables 1, 2). In the experiment with guanylurea, a slight contamination in the control medium was detected, however, the contamination was a factor of 100 less than the lowest guanylurea concentration, therefore, we assumed the guanylurea test concentrations to be high enough to tolerate the traces of guanylurea in the control.


Table 1. Summary of measured metformin water concentrations as well as data on mortality, weight, stress proteins, and lipid peroxides measured in big ramshorn snails exposed to metformin.
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Table 2. Summary of measured guanylurea water concentrations as well as data on mortality, weight, stress proteins, and lipid peroxides measured in big ramshorn snails exposed to guanylurea.
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Mortality and Body Weight

The mortality varied between 0.0 and 9.5% in all treatments and was insignificantly increased by metformin or guanylurea (COX-regression: metformin: p = 1; guanylurea: p = 1) (Tables 1, 2). There was a trend of reduced body weight in the exposure groups with 0.1–10 mg/L metformin and 10 and 100 mg/L guanylurea. However, the body weight of the snails did not differ significantly among the exposure groups in both experiments (nested ANOVA: metformin: p = 0.7719; guanylurea: p = 0.0172; with Dunnett's test: all p > 0.05) (Tables 1, 2).

Biochemical Markers

The Hsp70 level was slightly enhanced in the exposure group with 0.1 mg/L guanylurea and 1 mg/L metformin compared to the respective controls (nested ANOVA: metformin: p = 0.0050 with Dunnett's test: (0 and 1 mg/L): p = 0.0075; guanylurea: p = 0.0091; with Dunnett's test: all p > 0.05) (Tables 1, 2). The lipid peroxide level analysis did not reveal any differences among the groups exposed to metformin or guanylurea (nested ANOVA: metformin: p = 0.1264; guanylurea: p = 0.6889) (Tables 1, 2).

Histopathology

The hepatopancreas of gastropods consists of numerous tubules surrounded by connective and muscle tissue and haemolymph spaces. Each tubule consists of three main cell types: (a) digestive cells with a columnar shape and vacuoles that increase in size towards the cell base (Figure 1A), (b) crypt cells (syn. basophilic or calcium cells) with a conic shape and a big, centrally located nucleus (Figure 1A), and (c) excretory cells with large vacuoles containing cellular debris prior to excretion (Triebskorn, 1989). Possible pathological alterations include: (1) dilation of the tubule's lumen, (2) the protrusion of the apices, irregular compartmentation, and an increase in the number and size of the vacuoles in the digestive cells, and (3) alterations and deformations of the nuclei, hyperplasia, and hypertrophy, as well as increase in vacuoles' size and number in the cytoplasm of the crypt cells (Osterauer et al., 2010).
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FIGURE 1. Representative sections of the hepatopancreas in big ramshorn snails. (A): control snails showed conically shaped crypt cells [CC] with a large nucleus and column-shaped digestive cells [DC] with vacuoles increasing in size from the apex to the base; (B): snails exposed to 100 mg/L guanylurea showed a dilated lumen [DL] of the tubules; (C): in snails exposed to 10 mg/L metformin, the apex of the digestive cells was irregularly shaped and protruded into the lumen [arrow]; Snails exposed to 100 mg/L guanylurea displayed (D) irregularly shaped digestive cells with an affected cell compartmentation, (E) deformation of crypt cell nuclei [DN] and (F) a severe vacuolisation of the hypertrophic crypt cells. In this exposure group almost all crypt cells were hypertrophic and increased in number. All sections were stained with haematoxylin-eosin.



In the semi-quantitative assessment, the samples were solely classified into categories 1, 2, or 3. Destruction of the tissue and, thus, a classification into categories 4 and 5, did not occur. The hepatopancreas of snails exposed to metformin did not significantly differ to that of controls (Likelihood-ratio-χ2-test: p = 0.5159). However, in metformin-exposed individuals, tissues were more often classified into category 3 (reactions), particularly for the exposure group with the highest metformin concentration (Figure 2). In these animals, reactions such as dilation of the lumen, vacuolisation in crypt cells, and protrusion of the apex in digestive cells (Figure 1C) were observed with a tendentially higher frequency than in controls.


[image: image]

FIGURE 2. Semi-quantitative assessment of histopathological symptoms in the hepatopancreas of big ramshorn snails exposed to metformin and guanylurea. Samples were classified in category 1 to 5. Categories 4 and 5 were not allocated to any of the samples. The number n of examined individuals is given at the bases of the bars. The asterisk indicates a significant difference compared to the respective control at the α = 0.05 level.



The hepatopancreas of snails exposed to the highest guanylurea concentration (100 mg/L) significantly differed from that of the controls (Likelihood-ratio-χ2-test: p < 0.0001; pairwise comparison: (0 mg/L and 100 mg/L): p = 0.0018) (Figure 2). The lumen of the tubules was enlarged (Figure 1B), compartmentation in the digestive cells was disturbed (Figure 1D), nuclei were deformed (Figure 1E), and hyperplasia, hypertrophia, and vacuolisation of crypt cells became evident (Figure 1F). No such effects were observed in snails exposed to 0.1 and 10 mg/L guanylurea.

DISCUSSION

The survival of the snails was not affected by the antidiabetic drug or its transformation product. A trend to a reduction in the weight of the snails exposed to the medium and high concentrations of each substance was observed, however, there was a high variability in weight within the groups, which may have contributed to these differences lacking statistical significance. Moreover, a decreased food uptake was observed during the experiments for the above mentioned exposure groups. Unfortunately, this was not quantifiable. Nevertheless, the observed trend to weight reduction is in accordance with other studies with metformin-exposed fish (Niemuth and Klaper, 2015; Jacob et al., 2018; Ussery, 2018) and with the application of metformin as weight loss drug in humans (Seifarth et al., 2013; Malin and Kashyap, 2014). Upon administration of metformin in humans, appetite is downregulated by attenuating the activity of the adenosine monophosphate-activated kinase, which is a main sensor for cellular energy homeostasis (Malin and Kashyap, 2014; Jeon, 2016). It is not known how guanylurea could have influenced food uptake in the snails.

The analyses of the stress proteins revealed a significantly enhanced Hsp70 level in the group treated with 1 mg/L metformin, and a tendentially increased value for the exposure group with 0.1 mg/L guanylurea. This might be ascribed to the higher variability in these two exposure groups. However, an increased induction of Hsp70 caused by the tested substances is unlikely since the histopathological examinations do not show any reactions in these exposure groups (see below). Furthermore, a decrease in the Hsp70 base level caused by metformin as shown by Piro et al. (2012) was not observed. We assume, therefore, that metformin could not exert its stress protein lowering effect in the big ramshorn snail, since the Hsp70 level was not elevated prior to metformin treatment, as in the study by Piro et al. (2012) which used a Hsp70 overexpression model. For guanylurea, a comparison of our results with the literature is not possible, since other studies dealing with the effects of guanylurea on stress proteins are—to our knowledge—lacking.

An effect of metformin or its transformation product on the lipid peroxide level in the foot of Planorbarius corneus could not be found. Since the oxidative stress level is enhanced in type 2 diabetic patients (Ceriello et al., 1997), metformin has been shown to act as an antioxidant and to reduce oxidative stress and lipid peroxidation in these patients (Tessier et al., 1999) and high fructose-fed rats with insulin resistance (Anurag and Anuradha, 2002). Thus, an explanation for the absence of a lipid peroxide level-reducing effect of metformin in Planorbarius corneus could be that the oxidative stress level in the snails was not enhanced before metformin treatment. However, it is also possible that the activity of antioxidant enzymes, such as glutathione peroxidase, superoxide dismutase, or catalase, was enhanced by metformin when an external oxidative stress inducer was present, as it has been shown for all three enzymes in human macrophages (Bułdak et al., 2014) and for catalase in mouse livers (Dai et al., 2014), prior to the effects of the drug on lipid peroxidation. To prove that metformin leads to an elevated activity of these three antioxidant enzymes in Planorbarius corneus, further measurements would be necessary. However, this was not possible in the present study due to the restrictions of tissue availability for the different analyses. Furthermore, data in the literature regarding guanylurea and its effect on lipid peroxides is lacking.

The histopathological examination revealed significantly stronger reactions in snails exposed to 100 mg/L guanylurea than the controls. For metformin, a similar trend was found, particularly for the highest concentration. The observed reaction pattern was characterised by a dilation of the tubule lumen and a disturbed compartmentation of the digestive cells. These reactions have also been observed in other studies with snails exposed to copper, lithium (Sawasdee et al., 2011), or platinum (Osterauer et al., 2010). Furthermore, protrusions of the apices of the digestive cells into the lumen occurred. This symptom has also been reported in a study of Dittbrenner et al. (2008) on snails exposed to heat stress. The observed hyperplasia of the crypt cells has been described as a very common response to all types of stressors (Cajaraville et al., 1990; Garmendia et al., 2011). Possible explanations for the increase in cell number and the vacuolisation of the crypt cells could be an enhanced demand of enzymes to support affected digestive cells in their function (Cajaraville et al., 1990) or increasing detoxification processes (Zaldibar et al., 2007). Another finding was the deformation of cell nuclei, which has also been observed in other studies on the hepatopancreas of snails during exposure to molluscicides (Triebskorn, 1989; Hamed et al., 2007) or to the cyanobacterium Microcystis aeruginosa (Zhu et al., 2011). Generally, the histopathological findings in our study indicate that metformin and guanylurea lead to unspecific pathological symptoms in the hepatopancreas of the exposed snails.

However, it is important to emphasise that all of our observed histological reactions only occurred at concentrations which are 10,000 times higher than those in the aquatic environment. In addition, even at these high concentrations, only moderate reactions, if any, and never destruction of the tissue became evident. From this point of view, metformin and guanylurea seem not to pose a risk to aquatic gastropods (represented by the big ramshorn snail in this study). However, due to the lack of studies with other invertebrates we cannot exclude the possibility that metformin and its transformation product can affect other species that were not tested. Recent studies by Niemuth et al. (2015), Niemuth and Klaper (2018, 2015), and Crago et al. (2016) showed that metformin can affect the hormonal system of the fathead minnow at environmentally relevant concentrations. This result is in line with metformin acting on the hormonal system in humans, which explains its application as a drug for the treatment of polycystic ovary syndrome (Lord et al., 2003). Since in our study endocrine effects were not investigated, we cannot comment on any potential effects of metformin or its transformation product on the hormonal system in the big ramshorn snail. Thus, further studies are necessary that focus on the possible hormonal-like effects of metformin and guanylurea in snails.

Finally, it is important to stress that there is a general dearth of studies dealing with ecotoxicological effects of guanylurea in aquatic organisms. Only two such studies on invertebrates exist to date. To assess the risk of this transformation product on a more solid basis, further investigations on the ecotoxicological effects of guanylurea in invertebrates are thus highly needed.

CONCLUSION

Our study showed that metformin and guanylurea did not produce lethal effects in exposed Planorbarius corneus. Furthermore, the biochemical stress markers (Hsp70 and lipid peroxide level) were not influenced by the antidiabetic drug or its transformation product. The histopathological investigation revealed an increase in unspecific reactions in the hepatopancreas of the snails, but only at concentrations 10,000 times higher than the concentrations measured in the environment. In addition, the weight of the snails tended to be reduced, but also not at environmentally relevant concentrations.

Generally, studies focussing on the effects of pharmaceuticals and their transformation products in gastropods and other invertebrates are scarce, and metformin and its transformation product guanylurea do not constitute an exception. Thus, a final risk assessment of the investigated substances for freshwater invertebrates is not yet possible.
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