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Abstract

:

Silver is back in vogue today as this metal is used in the form of nanomaterials in numerous commercial products. We have developed in-gel electrophoretic techniques to measure the activity of the antioxidant enzymes catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPX), and used the same techniques in combination with HSP70 Western blot analysis to evaluate the effects of nanomolar amounts of silver nitrate and 5 nm alkane-coated silver nanoparticles in tissues of the marine bivalve Mytilus galloprovincialis (Lam.) exposed for 28 days in mesocosms. Our results showed a negligible effect for nanosilver exposure and dose-dependent effects for the nitrate form.
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1. Background


In the last century, the marine environment has been severely affected by pollution associated with heavy industrialization and enormous population growth. Most of the world’s population lives near the coast and therefore anthropogenic activities such as industry, urbanization, extensive agriculture, and tourism contribute to the pollution of the marine environment [1,2]. Pollutants such as heavy metals, pesticides, oil-based products, plastics, particles from antifouling paint, and industrial and civil wastes pollute the marine environments [3,4,5,6]. In the last two decades, nanotechnology has been one of the most innovative arguments for the scientific community. This is also because it can be a novel source of pollutants, especially for the marine environment [7,8,9,10]. Nanomaterials (NMs)—which have at least one dimension in the range of 1–100 nm [11]—include nanoparticles (NP), which are normally found in nature and are formed by natural phenomena, mainly weathering and mineral formation processes in soil [12,13,14]. In addition, engineered nanomaterials (ENMs) and/or nanoparticles (ENPs) of human origin have become emerging contaminants nowadays. Among inorganic ENPs, the Organisation for Economic Co-operation and Development (OECD) has highlighted four metal or metal oxide ENPs that are of great interest due to their intrinsic properties, widespread use, and commercial importance, namely cerium oxide (CeO2), silver (Ag), zinc oxide (ZnO), and titanium dioxide (TiO2). In particular, silver nanoparticles (AgNPs) are used for their antibacterial properties [15,16,17,18] and are included in over two hundred consumer medical products [19]. In addition, AgNPs are used in microelectronics due to their attractive properties such as high electrical and thermal conductivity, chemical stability, catalytic activity, and nonlinear optical behavior [20]. All these properties make AgNPs one of the most commercialized nanomaterials. AgNPs originating from wastewater generated during their synthesis and/or use in consumer products, as well as during their recycling and disposal, can enter the aquatic environment via industrial and municipal wastewaters. Their presence in the marine environment is a potential source of stress [7]. Oxidative stress is an important component of the stress response of marine organisms exposed to impairments from a variety of pollutants [3,21,22].



AgNPs can promote oxidative stress responses in aquatic organisms by impairing the capacity of antioxidant enzymes [23,24,25]. In zebrafish, Choi et al. [26] showed increased levels of malondialdehyde and total glutathione (GSH), a decrease in catalase (CAT) and glutathione peroxidase activity (GPx), and DNA damage. It seems that the mechanism of AgNPs-mediated cytotoxicity in marine invertebrates is also mainly due to the action of reactive oxygen species (ROS) [8,27,28]. Bivalves are sensitive and ecologically relevant organisms that have a sessile filter-feeding diet and can accumulate organic and inorganic pollutants due to their low metabolic detoxification rate. Therefore, they are good bioindicators for monitoring chemical pollution of the marine environment [29,30,31]. The Mytilus congeners are not only valuable indicators of pollution, but extensive background information is also available on their biological responses to a wide range of inorganic and organic chemicals [32,33,34,35,36,37]. Indeed, Canesi et al. [30] proposed to use them as sentinel species for studying the specific effects of nanoparticles.



The aim of this work is to develop electrophoretic techniques to evaluate the activity of antioxidant enzymes—catalase, superoxide dismutase, and glutathione peroxidase—and then apply the same techniques in an ecotoxicological study of the effects of AgNPs in the tissues of Mytilus galloprovincialis (Lam.), i.e., in the digestive gland and gills. These proteins represent the main component of the enzymatic antioxidant defense of the cell and are considered very effective biomarkers of oxidative stress. In this work, the different steps of the construction of the gel assay are presented, starting from the existing knowledge in the literature to their practical application in an ecotoxicological study. Namely, these methods are used to study the mechanistic effects of different forms of silver (nano-metallic and ionic) in important molluscan tissues. An evaluation of HSP70 protein concentrations by Western blot was also considered to support the enzyme activity data.




2. Materials and Methods


2.1. Animal Treatment and Experimental Design


Mytilus galloprovincialis (Lam.) were collected from Lake Ganzirri and Faro (Messina, eastern Sicily, Italy, 38°15′ North, 15°36′ East), transported to the laboratory under temperature- and humidity-controlled conditions, purified from epibionts, and acclimated for 15 days at a controlled temperature of 22 °C in naturally filtered seawater (~37‰ salinity; pH 8.1) that was continuously aerated (60 L h−1). Organisms were fed ad libitum with fresh cultures of Nannochloropsis spp. or Isochrysis galbana via an adjustable drip dispenser. Animals were housed in 50-L glass containers at a density of 1 specimen per liter and maintained under the above conditions. Organisms were treated with 5 nm silver nanoparticles (AgNP) or silver nitrate for 28 days. Three nominal exposure concentrations were considered (0.2, 2.0, and 20 μg L−1), as well as an unexposed population as a control reference. Two mesocosms with a capacity of 50 L per treatment were prepared to obtain two biological replicates. AgNPs were added daily to the experimental samples from a stable suspension of 1 g L−1 prepared by the manufacturer (Amepox®, Lodz, Poland) in ultrapure water. These particles have been described elsewhere [38,39]. Silver nitrate from a stock solution of 1 g Ag+ L−1 prepared in acidified ultrapure water was also used. Each day, 10% of the water content was changed, and a complete change was performed on the 15th day. The organisms were fed ad libitum with fresh algal cells of Nannochloropsis spp. or Isochrysis galbana. During exposure, physicochemical parameters (temperature and oxygen content) were regularly controlled and kept within a range of 20 ± 1 °C; >8 mg L−1 O2. After exposure, the soft tissues of the mussels (digestive gland and gills) were collected and stored at −80 °C for subsequent biochemical analysis.



Tissues were homogenized in an ice/water bath at 0–4 °C in homogenization buffer (0.5 M sucrose, 0.15 M NaCl, 0.02 M Tris HCl pH 8.0, 1 mM phenylmethylsulfonyl fluoride, 5 mM DTT) at a ratio of 1:6 w/v (one-part tissue plus five-parts buffer) for the digestive gland and 1:4 w/v (one-part tissue plus three-parts buffer) for the gills. The homogenates were centrifuged at 20,000× g for 20 min at 4 °C, and the pellet (approximately mitochondria plus lysosomes) and supernatant—SN20—(approximately cytosol plus microsomes) were collected and stored at −80 °C until analysis. SN20 was used to detect the antioxidant response in mussel tissues if not otherwise stated.



According to Directive 2010/63/EU of the European Parliament and of the Council in force in Europe, no specific regulation or approval by an ethics committee was required for the use of mussels.




2.2. In Gel Antioxidant Enzyme Assays


Total protein content was quantified using the Bradford method and bovine serum albumin as a standard [40]. For the in-gel assay, precast polyacrylamide gels (Mini-PROTEAN® TGX™, Bio-Rad Laboratories, Hercules, CA, USA) with a stacking gel were used, at 7.5% or 12% for CAT or SOD and GPX, respectively. Protein samples (25–100 μg)—either digestive gland or gill extracts—were diluted 1:1 with loading buffer (0.05 M Tris-HCl buffer pH 6.8; 50% glycerol; 0.05% bromophenol blue) before native electrophoresis. Horse cytochrome C, bovine serum albumin, bovine aprotinin, bovine catalase, and bovine erythrocyte carbonic anhydrase (1 μg each) were used as multiprotein markers when appropriate. Samples were separated directly without pre-electrophoresis using a running buffer of 0.05 M Tris-HCl pH 8.3, 0.3 M glycine (Serva GMBH, Heidelberg, Germany), 0.002 M di-sodium EDTA (Serva GMBH, Heidelberg, Germany) at 40 mA, at 4 °C for 90 min. After native electrophoresis, gels were further treated according to the different enzyme assays for CAT, SOD, or GPX. If necessary, proteins were stained in the gel with Coomassie Brilliant Blue R250 (0.025% Coomassie Brilliant Blue, 50% ethanol, 10% acetic acid) and destained in a solution of 30% ethanol and 7.5% acetic acid.



2.2.1. Catalase Assay


Catalase activity was detected by the reaction between ferric chloride and potassium ferricyanide (III) in the presence of hydrogen peroxide. Indeed, after electrophoresis, the native gels were washed three times for 10 min in ultrapure water (18 MΩ·cm), then incubated for 10 min in a 0.01% hydrogen peroxide solution freshly prepared from a 30% stock (Sigma-Aldrich®, Merck, Darmstadt, Germany), and washed twice more in ultrapure water. Then the gels were incubated with gentle shaking in a freshly prepared solution of 1% ferric chloride hexahydrate and 1% potassium ferricyanide trihydrate (both from Sigma Aldrich®, Merck, Darmstadt, Germany). Catalase activity was negatively stained (achromatic bands) against a strong green–blue background resulting from the reduction of hydrogen peroxide and the dissolution of Prussian blue precipitate in the gel [41]. Catalase activity was then quantified semi-quantitatively or quantitatively against a bovine catalase standard curve by digital image analysis.




2.2.2. Superoxide Dismutase


The enzymatic activity of SOD was based on the inhibition of nitroblue tetrazolium (NBT) reduction by the action of superoxide, originally described by Beuchamp and Fridowich [42]. After native polyacrylamide gel electrophoresis (12%) as described above for CAT, the gel was incubated directly in 50–100 mL of SOD staining solution freshly prepared in ultrapure water containing 2.43 mM nitro blue tetrazolium chloride (NBT) (Serva GMBH, Heidelberg Germany), 28 mM N,N,N′,N′-Tetramethyl-ethylenediamine (TEMED) (Serva GMBH, Heidelberg, Germany), 0.028 mM riboflavin-5′-phosphate, and 50 mM sodium phosphate buffer pH 7.8 and kept under gentle stirring for 20 min in the dark at room temperature. Then, the gel was washed twice in ultrapure water and illuminated with a 15 W fluorescent lamp for 20 min. SOD activity was quantified semi-quantitatively by digital image analysis of achromatic bands.




2.2.3. Glutathione Peroxidase


This assessment of GPX enzyme activity in the gel was as previously described for the catalase assay by the reaction of ferric chloride and potassium ferricyanide in the presence of peroxide and reduced glutathione.



After native 12% polyacrylamide gel electrophoresis, slab gels were washed twice for 20 min in 50 mM Tris-HCl pH 7.9. Then, the gels were incubated at room temperature in a freshly prepared solution of 1 mM reduced GSH (Serva GMBH, Heidelberg, Germany), cumene hydroperoxide 0.008% (Sigma Aldrich®, Merck, Darmstadt, Germany), and 50 mM Tris-HCl pH 7.9. After washing twice in ultrapure water for 10 min, GPX activity was negatively stained (achromatic bands) in a 1% ferric chloride hexahydrate and 1% potassium ferricyanide solution as previously described for catalase.





2.3. HSP70 Evaluation


HSP70 content was determined by Western blot. SN20 (100 µg) was mixed with 10% glycerol, 2% SDS, 0.005% bromophenol, 20 mM TCEP, and 25 mM Tris-HCl pH 6.8, boiled at 100 °C for 5 min, and separated along with Spectra ™ Multicolour Broad Range (Thermofisher-Scientifics, Waltham, MA, USA) pre-stained protein markers by 4–20% SDS-PAGE using precast gels (Bio-Rad MINIPROTEIN® TGX™, Bio-Rad Laboratories, Hercules, CA, USA) in standard Tris/glycine running buffer (in the presence of 1 mM EDTA). After equilibration of the slab gel in Towbin buffer (25 mM Tris-HCl pH 8.3, 192 mM glycine) for 15 min, proteins were blotted onto positively charged PVDF membranes (Bio-Rad Laboratories, Hercules, CA, USA) that had been previously wetted in methanol. A Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad Laboratories, Hercules, CA, USA) was used for 35 min at 12 V in Towbin buffer. The membrane was stained with 0.5% Ponceau S Red to normalize protein loading, imaged, and washed twice in ultrapure water for destaining. The membrane was then blocked in 10% nonfat skim milk for 1 h and incubated for 90 min at RT with 0.5 µg mL−1 (1:2000) anti-Hsp701A (HSPA1A T100, Aviva Systems Biology, San Diego, CA, USA) in TBS, 0.1% Tween-20 with 5% nonfat dry milk, and washed twice for 10 min in TBS-T (150 mM NaCl, 50 mM Tris HCl pH 7.8, 0.05% TWEEN20). The membrane was incubated for 1 h with a horseradish peroxidase-labeled secondary antibody against rabbit IgG Fc (Sigma-Aldrich®, Merck, Darmstadt, Germany) at a dilution of 1:5000, washed twice for 10 min in TBS-T, and once for 5 min in TBS. Protein bands were detected by chemiluminescence reaction using the Immun-Star™ WesternC™ Chemiluminescent Kit (Bio-Rad Laboratories, Hercules, CA, USA) in ChemiDoc™ XRS Digital Imaging System (Bio-Rad Laboratories, Hercules, CA, USA).




2.4. Digital Image Analysis


In-gel enzymatic activity and immunological data were analyzed by digital image analysis of inverted 8- or 16-bit grayscale images using Quantity One® V.10 software (Bio-Rad Laboratories, Hercules, CA, USA). Semiquantitative analysis of enzyme activity or the HSP70 protein concentration was carried out using the integrated density of each band (area of the band by mean intensity).




2.5. Statistical Analysis


Data were analyzed for statistically significant differences using nonparametric statistics (Mann–Whitney U-test and Two-sample Kruskal–Wallis). The software used for statistical analysis was Systat 10, Systat Software, Inc., San Jose, CA, USA.





3. Results


3.1. In-Gel Enzyme Protocol Development


In this work, we adapted in-gel electrophoresis assay protocols to test the activities of antioxidant enzymes (CAT, SOD, and GPX) in tissues of the ectothermic marine bivalve Mytilus galloprovincialis (Lam.), an ecologically relevant bioindicator of anthropogenic marine pollution and or disturbance (Figure 1). In-gel CAT and GPX detection is based on negative staining with ferric chloride/ferrocyanide. Ferrocyanide (III) competes with these enzymes for a peroxide substrate and forms a stable blue–green precipitate, ferrocyanide (II), and achromatic bands at the migration position of the enzyme [41].



The two enzyme activities can be distinguished by the different reaction mixtures. The improvements over previous protocols [41,43,44] mainly concern the run of native polyacrylamide gel electrophoresis, which was standardized to only 90 min at 40 mA, using commercial precast gels and a standard native Tris-glycine buffer. Pre-electrophoresis and/or a discontinuous buffer system are no longer required, resulting in significant optimization of overall process times. Other adjustments include the standardization of substrates. For CAT, the concentration of hydrogen peroxide in the reaction mixture was increased to 0.01%, resulting in satisfactory contrast enhancement and a satisfactory dynamic determination range of at least 1 order of magnitude (Figure 2). This is not trivial because the intensity of the achromatic bands may depend on the amount of ferrycyanide available and not on the activity of the enzyme and/or its concentration in the gel.



It was found that the specific activity of CAT was similar in the SN20 fraction and the pellet, but the absolute activity was larger in the supernatant, where more proteins are present. This result is in agreement with Livingstone et al. [45], who explain the presence of CAT in SN20 by the degradation of peroxisomes during centrifugation. However, it seems to be very convenient to measure the enzyme activity in this fraction, so it was finally decided to use it for measuring the CAT reactions upon silver exposure (see Section 3.2).



For the in-gel GPX assay, Lin et al. [43] was used as a reference to establish a mussel protocol. After 12% native PAGE and washing in Tris-HCl pH 7.9, a single reaction solution containing 1 mM GSH and peroxide was used to develop the achromatic bands due to GPX activity. Purified bovine GPX and protein extracts (SN20) from the digestive glands and gills of Mytilus galloprovincialis (Lam.) were used to standardize our method. Specifically, we tested the reaction in the presence and absence of 1 mM GSH and 10 mM sodium azide—a catalase inhibitor—in conjunction with two different substrates: hydrogen peroxide or cumene hydroperoxide. Cumene hydroperoxide at a concentration of 0.008% was confirmed as the optimal substrate to detect the total and genuine GSH-dependent GPX activity (Figure 3).



Indeed, the ferricyanide reaction reveals several achromatic bands (Figure 1, Panel D), most likely representing selenium-dependent GPX, selenium-independent GPX, and an intrinsic GSH-dependent peroxidase activity of GST as suggested by Livingstone et al. [45]. Once the protocol was established, the linearity of the in-gel reaction was tested using a purified standard (Figure 4).



As for the evaluation of SOD activity, the principle of the assay is based on the ability of superoxide (O2−) to react with NBT by reducing the yellow tetrazolium stain to a violet–blue precipitate in the gel. SOD catalytic activity is negatively stained (achromatic bands) due to competition between SOD and NBT for the substrate (O2−). The only adaptation to the original protocol [42] was the use of precast gels and fast electrophoresis run in the native standard Tris glycine buffer. Mussel Cu/Zn SOD appeared in the gel as multiple bands, as was also reported by Weydert and Cullen [44] (Figure 1).




3.2. Silver Effects on Mussel Antioxidant System


In-gel assays were used to evaluate the long-term effects (28 days) of silver exposure—either to the nitrate form or with 5 nm alkane-coated AgNPs—on the antioxidant enzyme systems of mussels in the digestive glands or gills. Figure 5 shows the effects on catalase activity. Indeed, silver nanoparticles evoked no significant changes at the exposure levels tested, whereas the effects of silver nitrate were statistically significant in both digestive gland and gills (Kruskal–Wallis one-way analysis of variance, p = 0.019 and 0.040, respectively), with enzyme activity increasing in the latter tissue in accordance with a dose-dependent trend.



A more pronounced dose dependence was observed for the activity of SOD in the gills, while in the digestive gland, the appearance of a threshold effect of silver nitrate is now more evident. Both effects were highly significant (Kruskal–Wallis one-way analysis of variance, p < 0.001). In contrast, no significant effects were observed for exposure to AgNPs (Figure 6).



In the case of GPX, the total glutathione-dependent peroxidase activity increased for the effects of silver nitrate, but only in gills at the highest concentration tested (20 μg L−1) (Figure 7).




3.3. HSP70 Identification with Western Blot Assay


In this study, we also examined the change in HSP70 content via Western blot using a commercial anti-hsp70 antibody directed against a specific part of the inducible HSP70 gene of Mytilus galloprovincialis (Lam.). A statistically significant increase in HSP70 content was detected in the gills at the two highest silver nitrate exposure levels. The other conditions did not trigger substantial changes (Figure 8).





4. Discussion


To obtain clues of the mode of action of toxicity of silver and AgNPs, we have performed in-gel assays for three major antioxidant enzymes—CAT, SOD, and GPX—in the tissues of marine bivalves, which often serve as bioindicators of marine pollution. The three methods have been shown to be sensitive and robust, making them suitable for routine use in biological monitoring programs in place of classical enzyme kinetics-based assays. These may have some limitations due to the heterogeneous protein fraction and the need for kinetic detection, leading to possible interference with other enzymes and/or nonlinear kinetics, which complicates the evaluation. The use of an electrophoretic approach allows direct detection immediately after the preparation of a protein fraction. We have substantially revised the native gel electrophoresis method originally developed by Davis [46] and Ornstein [47] and recently re-proposed by Weydert and Cullen [44] for the determination of antioxidant protein activity. This method requires a time-consuming procedure with a long duration of pre-electrophoresis and a total time of 6 h using two different running buffers. In our hands, this type of run proved to be insufficient due to sample degradation or sample loss. Therefore, we abandoned the long and ineffective pre-electrophoresis steps and proceeded directly to electrophoresis of proteins in Tris/glycine pH 8.3 in the presence of EDTA for a duration of only 90 min (40 mA, 4 °C) using precast gels. This procedure proved successful for the sufficient separation of multiple molecular weight markers containing cytochrome c, bovine serum albumin, aprotinin, catalase, and carbonic anhydrase (data not shown). In addition, precast gel technology eliminated the high background that interferes with the quantification of enzymatic activity. This error, reported by Weydert and Cullen [44] was due to the interference of the polyacrylamide gel catalyst TEMED with the CAT and GPX reaction mixture. This change in protocol allowed for complete elimination of the background, shortening run times while increasing scalability for a large number of samples. Finally, we also increased the hydrogen peroxide concentration from 0.003% to 0.01%, which allowed a better definition of the CAT band in the gel without a loss of linearity and with a significant increase in sensitivity.



The design of the protocol for GPX was based on the native method described by Lin et al. [43]. The main improvement was the use of cumene hydroperoxide at a concentration of 0.008%, which allowed us to determine a specific glutathione-dependent peroxidase activity that cannot be detected with hydrogen peroxide as a substrate. We have shown that this is a specific reaction that does not occur in the absence of GSH. Furthermore, three distinct achromatic bands appear in 12% native PAGE, indicating the presence of multiple enzymes with true glutathione-dependent peroxidase activity.



Nowadays, nano-silver is one of the most widely used metals in consumer products due to its antibacterial activity and good tolerance [48]. Silver NPs are known to enter the aquatic environment in various ways, mainly through incorporation into commercial products, but also during their use. In addition, AgNPs can be spread through air and deposited in aquatic environments, not to mention the NPs generated by the erosion of polluted soils [24,49]. The ocean is the ultimate recipient of nanomaterials and is sometimes considered a sink, as its high salinity tends to destabilize, or in the worst case, dissolve nanomaterials [50,51]. Mussels have been identified as a good indicator of exposure to NPs. Indeed, agglomerate/aggregate particles are taken up by the gills and then partially enter the digestive gland, leading to a series of reactions, lysosomal disorders, changes in the expression of antioxidant- and immune-related genes, and other effects [7]. It is well known that heavy metals can induce oxidative stress in organisms. In particular, ionic silver is one of the most toxic metals for aquatic organisms, it is persistent and accumulates in aquatic systems, water, sediments, soil, and organisms, and causes ecological damage in the environment [48].



In this study, we determined the activities of antioxidant enzymes and the relative abundances of HSP70 in response to 28-day exposure to silver nitrate and silver nanoparticles in two of the most responsive tissues of marine mussels. The concentration range of silver used in the current work (0.2–20 μgL−1) is from a previous work in which we evaluated the ecotoxicological range of silver nitrate and silver nanoparticles for acute and chronic effects. All concentrations are completely sublethal, but in the case of silver nitrate, the highest two concentrations (20 and 2 μgL−1) are within the range of an effective concentration for the inhibition of byssus synthesis (below EC50) [39]. Our data (this work) show that silver nitrate is capable of eliciting biochemical effects even at lower doses (e.g., 0.2 μgL−1), as noted for CAT and SOD activities in both gills and digestive glands. The two patterns were very similar (Figure 5 and Figure 6), showing a dose-dependent effect or a threshold-like effect in the gills or digestive glands. GPX also responded to silver nitrate, but only in the gills and at the highest exposure concentration. On the other hand, silver nitrate nanoparticles had no significant effect on any of the biochemical variables tested. It should be mentioned that previous data from our research group have shown that silver nitrate and silver nanoparticles target different organs in terms of bioaccumulation. In fact, the nitrate form is preferentially taken up in the gills, probably due to the stability of complex ionic silver forms in seawater [52]. On the other hand, particulate silver, i.e., nanoparticles, are also found in the digestive gland, probably following the feeding pathway after having undergone an increase in size in seawater due to the loss of zeta-potential. Our best explanation for this difference between the two metal forms—in terms of biochemical effects—is based on the higher reactivity and bioavailability of silver nitrate compared to silver nanoparticles, which, as mentioned, tend to be more unstable in seawater [39]. Indeed, silver nanoparticles tend to form aggregates when the surface potential suddenly changes due to pH and ionic strength [48].



In addition, it should be considered that a long exposure time (28 days) may have allowed a compensatory response of the antioxidant enzyme system, which could have occurred earlier with nanoparticle exposure essentially because of the overall lower dose, due to the aggregation and precipitation of nanoparticles [39]. Previously published data on the effects of 3–15-day exposure of silver NP in marine mollusks showed that CAT, SOD, and GPX activity in the gills increased linearly with time [27], but in another study using similar concentrations of a silver NP for 94 h, no effects were reported for CAT and very little change for GST, another common antioxidant system [9].



Regarding ionic silver, Gomes et al. [27] reported a significant induction effect of CAT activity in the digestive gland on the fifteenth day, a decrease in GPX in the gills, and no effects for SOD. Boukadida et al. [53] also reported increased CAT activity in larvae of M. galloprovincialis exposed to ionic silver. In the soft tissues of other marine bivalves, such as the endobenthic S. plana, aqueous nano- or ionic silver affected CAT activity at day fourteen, but not SOD and several other biochemical markers (GST, MT, LDH) [54].



When we compare these data with our results in detail, we cannot ignore the fact that the exposure time is shorter in almost all these papers and therefore a complete comparison is not possible. In fact, the observed differences should reflect the different stages of a dynamic process of adaptation to stress conditions. Therefore, the results observed in the digestive gland for our silver NPs are not controversial and still seem to indicate a different mode of action or the way the particles are presented to the cell; however, mechanistic studies are needed. As a corollary, in this work, we also examined HSP70 protein expression in response to silver. As expected, a significant increase in an inducible HSP70 band migrating with an apparent molecular mass of 45 kDa was observed upon exposure to silver nitrate, only in the gills at the two higher concentrations tested (2 and 20 μg L−1). This band is a candidate for stress-induced HSP68 as proposed by Hofmann and Somero [55] in Mytilus trossulus. However, it should be noted that authors have also reported HSP70 degradation products appearing near this mass in Western blot analysis [56,57].




5. Conclusions


In this work, we developed three different in-gel assays to evaluate CAT, SOD, and GPX activity in Mytilus galloprovincialis (Lam.). We have shown these methods can be successfully used to evaluate the antioxidant response in samples exposed to silver, which is now back in vogue because this metal is widely used in the form of nanoparticles. However, based on equal amounts in mass, it was shown that the effects were negligible after 28 days in the case of colloidal silver, while in the case of silver nitrate, all antioxidant variables and the expression of HSP70 showed a significant response.



These data suggest a low risk of environmental impacts of colloidal silver, i.e., nanoparticles, in the marine environment.
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Figure 1. In-gel anti-oxidant assay in Mytilus tissue protein extracts. (A,B) Representative native PAGE gels stained for the in-gel activity of CAT in the 20,000 g supernatant (A) and pellet (B), obtained from digestive gland. Mussel CAT is visible much above the bovine liver commercial standard. (C) Representative in-gel assay for SOD. Two bands are always visible. (D) Representative in-gel assay for GPX. Mussel GPX is visible just above the bovine erythrocyte GPX commercial standard. Legend: M, commercial marker; B, blank; S, mussel protein extract (digestive gland) showing some interindividual variability. 
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Figure 2. In-gel CAT assay. (A) Representative picture of a 7.5% native polyacrylamide gel revealing CAT achromatic bands due to competition for hydrogen peroxide between the enzyme and Prussian blue. Samples in lanes 1–4 represent 0.75, 1.75, 3.5, 7 standard catalase units (U). (B) Dynamic detection range (linear regression). Shown are the integrated density values (arbitrary unit) vs. standard bovine CAT activity obtained from three independent experiments. 
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Figure 3. Optimization of in-gel GPX assay. (A) GPX reaction mixture with 0.008% cumene hydroperoxide and without GSH showing no achromatic bands. (B) As in A, in the presence of 10 mM sodium azide. (C) GPX reaction with 1 mM GSH, 0.01% hydrogen peroxide, showing high activity in all samples except lane 1, bovine GPX standard. (D) same as (C) in the presence of sodium azide, confirming that the activity in C is almost entirely due to catalase. (E) GPX reaction with CHP showing intrinsic GPX activity also for the standard bovine catalase. (F) Same as E with sodium azide showing residual activity in all samples. The dark bands represent artifacts of the staining procedure that do not interfere in the analyses. Legend: Lane 1, commercial bovine liver GPX standard (150 mU); 2, gill SN20 (100 µg); 3, 4 digestive gland SN20 (100 µg); 5, commercial bovine liver catalase standard (10 U). 
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Figure 4. In-gel GPX assay linearity (standard curve). (A) Representative picture of a 12% native polyacrylamide gel revealing GPX achromatic bands due to competition for cumene hydroperoxide between the enzyme and Prussian blue. Lane 1–6 represent, respectively, 7.05, 14.1, 23.82, 56.4, 112.5, and 225 milliunits (mU) of standard bovine erythrocyte GPX. (B) Dynamic detection range (second-grade polynomial regression). Values of integrated density (arbitrary units) vs. GPX mU obtained from three independent experiments. The polynomial regression allowed a larger dynamic range of quantification. 
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Figure 5. Effects of silver on CAT activity. Semiquantitative analysis of enzyme activity as evaluated by densitometric analysis of achromatic bands in the gel assay (boxplot). Data (arbitrary units) are only comparable within each individual panel. Values between the inner and outer fences are plotted with asterisks. Values beyond the outer fences, called far outside values, are plotted with empty circles. (A) Digestive gland, silver nitrate exposure; (B) digestive gland, silver nanoparticle exposure; (C) gills, silver nitrate exposure; (D) gills, silver nanoparticle exposure. ° statistically different from control reference (0), p < 0.05; two-sample Kruskal–Wallis, n = 40. Data for 0.2 μg L−1 silver nanoparticles were not available. 
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Figure 6. Effects of silver on SOD activity. Semiquantitative analysis of enzyme activity as evaluated by densitometric analysis of achromatic bands in the gel assay (boxplot). Data (arbitrary units) are only comparable within each individual panel. Values between the inner and outer fences are plotted with asterisks. Values beyond the outer fences, called far outside values, are plotted with empty circles. (A) Digestive gland, silver nitrate exposure; (B) digestive gland, silver nanoparticle exposure; (C) gills, silver nitrate exposure; (D) gills, silver nanoparticle exposure. §§§ statistically different from control reference (0), p < 0.001; §§, p < 0.01; § p < 0.05; two-sample Kruskal–Wallis, n = 40. Data for 0.2 μg L−1 silver nanoparticles were not available. 
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Figure 7. Effect of silver nitrate on total GPX activity in gills. (A) Representative native PAGE stained for the in-gel activity of GPX. Arrows show position of the GPX achromatic bands. (B) Semiquantitative evaluation of total GPX activity in gill extracts obtained from mussels treated with 20 µg L−1 AgNO3 (black box) vs. control reference (open box). In this analysis, the integrated intensity (INTD) of all visible achromatic bands was considered. * statistically different from control, p < 0.05, two-sample Kruskal–Wallis, n = 12. 
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Figure 8. Effect of silver nitrate on HSP70 expression in gills. (A) Representative HSP70 Western blot analysis of gill SN20 extracts (30 µg) from silver nitrate exposure (2 µg L−1). (B) Same as for A but 20 µg L−1 exposure level. Legend: (-) control reference; (+) silver nitrate exposed. (C) Densitometric analysis of HSP70 bands, average fold change +- SEM with respect to reference not exposed control specimens. * Mann–Whitney U-test, p < 0.01, n = 18. 
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