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Abstract

:

In the present study, the Eurasian magpie (Pica pica), was evaluated as a possible bioindicator of environmental pollution by heavy metals (HMs). Levels of Ni, Pb, Cd, and Hg in feathers of 64 magpies (31 males and 33 females) were measured by ICP-MS technique. Plasmatic biomarkers of oxidative stress (OS) were also assessed. The birds were captured in the province of Parma (Italy), in different capture sites within 1 km from urban area (UZ), and farther than 5 km from urban area (RZ). Median HM levels were 0.68 mg/kg (0.18–2.27), 2.80 mg/kg (0.41–17.7), <limit of detection (LOD) mg/kg (<LOD–0.25), 3.90 mg/kg (1.35–85.9) for Ni, Pb, Cd and Hg, respectively. No significant differences in HM levels were found according to sex, while Ni and Pb were significantly higher in adult compared to young birds (p = 0.047, p = 0.004). Conversely, Cd and Hg levels in young magpies resulted higher than those of adults (p = 0.001 and p = 0.004). No correlation was found between OS biomarkers and HM levels. No differences were found in HM levels according to capture area, except for Hg level, which resulted higher in magpies of RZ (4.05 mg/kg (1.35–12.7)) compared to UZ (2.99 mg/kg (1.54–85.9)). Further experiments are needed to establish whether magpie feathers could represent a suitable non-invasive tool for biomonitoring HMs in the environment.
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1. Introduction


Heavy metals (HM) are those with atomic weight greater than the molecular weight of water, and while some, such as Fe, Zn, Cu, Se, Co, Mb, have a role in metabolic reactions, such as in coenzymes or functional macromolecules, and are defined microelements, indispensable for living organisms at micro concentrations, they may become harmful at high concentrations [1,2].



Some HM elements, however, such as Pb, Cd, As, or Hg, have no known biological functions, but are able to interfere with metabolic processes, causing acute toxicity as a result of exposures to high concentrations, as well as subacute and chronic toxicity, following a prolonged exposure to low concentrations; these HM are thus defined as toxic heavy metals (THMs) [3,4].



Even though THMs are naturally present in the environment at variable concentrations, the increase in the levels of environmental contamination by THMs is mostly due to anthropogenic release of polluting compounds [4]. These sources of THMs mostly include fumes and wastewater produced by industrial activities; pesticides, herbicides, and synthetic fertilizers employed in agriculture; timber processing and treatment; degradation of paints and plastic compounds, and the disposal of electronic components [5]. Moreover, THMs are persistent pollutants and are subjected to biomagnification, which means that they tend to accumulate progressively in the body of animals along the food chains [6].



The toxic action of THMs occur at all levels of the trophic chain, starting from the microbiota of the soil, through plants, up to the most complex organisms at the top of the food chain [4]. THMs are generally easily assimilated even at low concentrations, primarily through ingestion, but also by inhalation of micro-powders, and can even be absorbed through skin (especially Pb) [7]. After absorption, THMs tend to concentrate in specific target organs, thus promoting the biomagnification phenomenon, as it is well known to occur for Hg and Cd in aquatic ecosystems [8]. THMs are harmful because they may antagonize other elements with physiological functions (as it occurs with Pb and Ca), or interfere with the activity of bioactive molecules (e.g., enzymes, receptors, transcription factors) [9,10,11] or through the production of noxious free radicals and consequent molecular damage (primarily to cell membranes and nucleic acids) [12,13]. Furthermore, THMs often accumulate in liver or kidneys, and therefore cause damage to the excretory organs [7].



In consideration of the potential danger represented by exposure to THMs, the development of strategies aimed at monitoring THM levels in the environment is of the utmost importance [14]. The measurement of the levels of THM directly from the environmental abiotic matrix (water, soil, air) is not considered an accurate or suitable method, because environmental levels can vary in time (especially in the water or in the air), and thus a sample showing low levels cannot exclude the risk of dangerous exposure to THMs; by contrast, THMs in the mineral matrix may not be necessarily transferred to the trophic chain [6,15]. This has led to the development of indirect monitoring systems, such as those measuring the levels of THMs in bioindicator species, in order to evaluate the amount of these elements in the ecosystem, with the ultimate goal of protecting public health, the integrity of the ecosystem, and to have the possibility to plan and put in place effective countermeasures [6].



An ideal bioindicator species should be widespread, easily sampled and not excessively sensitive to the compound under study, since in that case even low-level exposure could lower the local population, thus hindering monitoring activity [15].



Carnivore and scavenger birds are at the top of the food chain, and are therefore particularly exposed to bioaccumulation of toxic compounds present in the ecosystem [16]. For this reason, these animals are considered as good environmental pollutant bioindicators [17], allowing to investigate the presence of contaminants along the food chain, environmental contamination levels, and the effects on animal and human health.



Furthermore, a suitable substrate to be taken from bioindicator species should be easily collected in the field, with minimal damage to animals; birds are often studied as bioindicators, and the covering feathers can be collected by operators lacking the skill needed to perform blood sampling, with no or very little discomfort for the animals [18,19].



THM levels detected in feathers may reflect the levels in blood at the time of feather formation [18,20,21,22], indicative of exposure to THMs in a relatively short period. In addition, THMs present in the environment deposit on the surface of feathers during the period between feather formation and sampling [23], or due to preening activity [19]. Indeed, the measurement of Pb in the feathers of young herons was found to be a reliable indicator of the level of exposure to metal in the time frame relative to the eruption of the feather, and was found to be correlated with the metal concentrations in kidneys and bones [24].



Several previous works have taken into consideration the measurement of THMs in feathers of wild birds to evaluate environmental pollution levels. THM levels have been assessed in feathers of Passeriformes [25,26,27,28,29,30], birds of prey [23], herons [31], and pigeons [28].



In the present work, we assessed the levels of Cd, Ni, Pb, and Hg in the feathers of a sedentary bird species, the Eurasian magpie (Pica pica), which is a widespread omnivore corvid, with opportunistic predatory and scavenger habits. Moreover, biomarkers of oxidative stress (OS) were also assessed in order to assess the possible correlation between THM levels and OS in this species considering the distance from urban/industrial areas. Magpies are synanthropic sedentary birds, characterized by a small home range, (between 10 and 50 km), living in urban and rural areas, both on the plains and on the hills [32]. For these reasons, and its position at the top of the food chain [33], the Eurasian magpie may be considered an ideal subject for the biomonitoring of heavy metal pollution [34].




2. Materials and Methods


2.1. Sampling Operations


Magpies (n = 64) were captured from January to November 2019, in 8 capture sites distributed in the province of Parma (Italy), extending from 45°02′ to 44°30′ N and from 9°57′ to 10°26′ E. The capture sites were selected with consideration of the level of urbanization, considering the distance from urban/industrial areas as an indicative factor of the presumed level of environmental pollution. Magpies captured in the 4 sites located within 1 km from urban areas and from manufacturing or industrial activities (n = 36), were identified as urban zone (UZ) group, while those captured in the 4 sites farther than 5 km from urban activities (n = 28) were identified as rural zone (RZ) group (Figure 1).



The study was approved by the Emilia Romagna Regional Ethical Committee (ISPRA Prot. 8093/T-A31 of 21 February 2019 and Region ER Det. 3751 of 1 March 2019). The authorization included trapping of target species, capture modality (with lure birds using 10 no-kill Larsen traps), and all subsequent measurements, marking and sampling procedures. Identification of species, sex, and age was performed according to a previously published technique [35], considering morphometric measurements (body weight, tarsal length, head, and culmen). All captured magpies were considered clinically healthy, and were evaluated for biometrical measurements, and marked with numbered tarsal open rings. A sample of feathers from each bird (2 external helmsman and about 10 covering feathers) was collected for the analysis of THM levels. In addition, a 1.5 mL blood sample from the right jugular vein was collected from each bird, immediately stored in heparinized tubes, and kept refrigerated at 8 °C until the delivery to the laboratory for the assessment of Hg level and biomarkers of OS.




2.2. Animals


The 64 magpies were 33 females (17 of the young and 16 of the adult age-class) and 31 males (12 of the young and 19 of the adult age-class).




2.3. THM Level Assessment


The evaluation of Cd, Ni, Pb, Hg levels was performed by means of ICP-MS technique. In order to remove external contamination by HMs from the surface of the feathers, a sequential washing process was performed prior to analytical determination, using tap water, followed by distilled water, Milli-Q water, and acetone [36,37]. A microwave-assisted acid digestion procedure adapted from previously published techniques [38,39] was carried out to obtain metal contents. Then, 0.5 g aliquots of each sample were weighed into Teflon PTFE flasks and 1.5 mL of a freshly prepared mixture of concentrated HNO3 (69%) and H2O2 (30%) (3:1, v/v) were added. The flasks were closed and left to predigest for 12 h at room temperature. The flasks were then sealed, and microwave digested (15 min with constantly increasing temperature up to 180 °C, and finally 5 min at this maximal temperature). Once the digestion was completed, the flasks were allowed to cool to room temperature, and the mixture was diluted to 10 mL with deionized water. A blank digest was carried out in the same way. All sample solutions were clear. In order to avoid losses of volatile elements, a second set of identical samples from the same individuals was dried at 80 °C in an oven till constant weight in order to calculate the percentage of humidity in each sample (average humidity of 20.85% in feathers). The accuracy of the microwave digestion method was checked by standard reference material (BCR® certified reference materials—ref. 185R, Community Bureau of Reference, EU). Four replicates were done on NIST SRM 1577b bovine liver to check the accuracy, and the results were in good agreement with the certified material, with a mean recovery rate of 85–102%.



A platform collision cell inductively coupled plasma mass spectrometer ICP-MS 7900 equipped with an integrated autosampler (Agilent Tech, Santa Clara, CA, USA) was used for element detection. For an optimal nebulization of the sample, a Peltier-cooled (2 °C) cyclonic chamber (Elemental Scientific, Omaha, NE, USA) and a low-flow (0.25 mL/min) Meinhard concentric nebulizer (LGC, London, UK) were employed. Both the collision gas and the argon for the plasma have a purity of 99.999% and were supplied by Praxair (Madrid, Spain).



Each day, the ICP-MS was calibrated to obtain the highest values of intensity indicated by the ratios CeO/Ce < 2.5%, Ce2+/Ce < 3% and background (220) < 1 cps. The instrumental detection limits were 0.005 mg/kg for all the elements. Calibrating solutions were prepared daily from a 10 mg/L Multi-Element Calibration Standard 3 solution (PerkinElmer, Inc., Shelton, CT, USA). The same certified sample of lyophilized bovine liver previously indicated was used for quality control of the analytical procedure. The limit of detection (LOD) and of quantification (LOQ) were determined according to the ICH-Q2 guidelines on method validation (ICH 2005), after analyzing repeated blanks with the same procedure used for the samples and determining the standard deviation. The final values of both parameters were calculated taking into account the samples dilution factor and the weight and were in all cases lower than 0.003 and 0.009 mg/kg for LOD and LOQ, respectively. The coefficients of variation for replicate samples (n = 5) were determined to be lower than 5.3%. All samples were run in batches that included analytical blanks.



For the evaluation of Hg blood level, an aliquot of 0.7 mL of whole blood was transferred to a 50 mL Digi-Tube for subsequent digestion with Digi-Prep (SCP Science) mode. Then, 10 mL of concentrated nitric acid was slowly added to the sample tubes, allowed to stand for 15 min at room temperature, and then subjected to mineralization at 75 ± 10 °C overnight. The samples were cooled down and 20 mL of demineralized water (HPLC grade) was added to each tube: the solution was sealed and vigorously shaken for 5 min. Then 1 mL of solution was added to 10 mL of 2% aqueous nitric acid solution with 0.5% hydrochloric acid. The solution thus obtained was used to perform the measurement in ICP-MS, following the same procedure already described for the analysis from feathers. Metal concentrations were expressed as mg/kg dry weight, since dry values are considered to be more reliable and consistent compared to wet weight values [40].




2.4. OS Biomarkers Analysis


Plasmatic biomarkers of OS were evaluated in all the magpies, in order to establish a possible correlation between THM levels and OS in this species. For this evaluation, lipid peroxidation was assessed by measuring malondialdehyde concentration (MDA), which is considered a reliable parameter of OS-induced damage to cell membranes; in addition, determinable reactive oxygen metabolites (d-ROMs), which are considered a reliable measure of the concentration of plasmatic oxygen reactive species, and two reactive oxygen species, superoxide anion and nitric oxide (NO), were also assessed. Enzymatic antioxidant capacity was evaluated by means of superoxide dismutase (SOD) analysis, while scavenging non-enzymatic activity was determined by means of ferric reducing antioxidant power (FRAP) assay. These biomarkers were chosen because they are commonly employed to evaluate OS in most species, including birds [41,42,43,44,45,46].



2.4.1. Lipid Peroxidation


Lipid peroxidation was assessed by measuring thiobarbituric acid-reactive substances, according to a previously published method [47], and expressed as nmol/mL of MDA. Briefly, 100 µL of plasma were added to 200 µL of a solution composed of 25 mL of HCl 1 N, 75 mL of distilled water (HPLC grade), 380 mg of thiobarbituric acid, and 15 g of 15% trichloroacetic acid; then, 5 µL of a 0.2% 2,6-ditert-butyl-4-methyl-phenol solution in 95% ethanol were added. The mixture was then vortexed and heated at 80 °C for 15 min. The solution was then centrifuged for 10 min at 1210× g, at room temperature, and the supernatant was collected and examined with a spectrophotometer at a wavelength of 532 nm (Varian Cary UV-Vis 50, Varian Technologies Italy, Milan, Italy). The calibration curve was constructed employing increasing MDA concentrations (7.8, 15.6, 31.3, 62.5, 125, 250 nmol/mL).




2.4.2. d-ROMS, Superoxide Anion, and NO Levels


d-ROMs were assessed by means of a commercial test (d-ROMs Assay, Diacron s.r.l. Grosseto, Italy). Superoxide anion levels were measured by the WST-1 test (WST-1 Assay Reagent, Sigma Chemical Co Lt, St. Louis, MO, USA) according to the guidelines of the manufacturer. The assay is based on the reducing capacity of superoxide for highly water-soluble tetrazolium salt, giving rise to a soluble formazan that can be quantitatively evaluated by a colorimetric assay [48]. NO was assessed by a colorimetric technique measuring nitrite levels, based on the formation of a chromophoric compound after the reaction with the Griess reagent [49].




2.4.3. Antioxidant Activity Evaluation


SOD levels were measured by means of a commercial assay kit (SOD Assay Kit, Sigma Chemical Co Lt, St. Louis, MO, USA). Scavenging non-enzymatic activity was evaluated determining the reducing ability of the plasma samples by a previously published technique called FRAP assay [50]. The FRAP assay measures the change in absorbance at 620 nm due to the formation of a blue-colored Fe2+-tripyridyltriazine (TPTZ) compound from colorless oxidized Fe3+ form by the action of electron donating antioxidants. Briefly, 20 μL of plasma were mixed with 20 μL of distilled water, and with 260 μL of FRAP reagent in each well of a 96-well plate. FRAP reagent was freshly prepared by mixing 25 mL acetate buffer (0.3 M; pH 3.6), 2.5 mL TPTZ (10 mM in 40 mM HCl), and 2.5 mL FeCl3·6H2O (20 mM). Aqueous solutions of known Fe2+- (FeSO4·7H2O) concentration in the 100–1000 μM range were used for the calibration curve. The absorbance was recorded with Multilabel Counter Victor3 (Perkin Elmer, Boston, MA, USA) at 620 nm after a 30-min incubation at 37 °C





2.5. Statistical Analysis


Statistical analysis was performed by means of GraphPad Prism ver.7 software (GraphPad Software Inc., La Jolla, CA, USA). All data were tested for normality by means of the Kolmogorov–Smirnov test, and were expressed as median and range. Mann–Whitney U test was employed to evaluate the significance of the difference among groups of data, according to different sampling zone, sex, and age-class. Linear regression analysis and Pearson correlation coefficient analysis were used to assess the correlation between THM and OS biomarker level observed.





3. Results and Discussion


3.1. THM Levels in Feathers


The median levels of Ni, Cd, Pb, and Hg in feathers of Eurasian magpies were, respectively: 0.68 mg/kg (0.18–2.27), <LOD mg/kg (<LOD–0.25), 2.80 mg/kg (0.41–17.7), 3.90 mg/kg (1.35–85.9).



Several previous works have already taken into consideration the measurement of HM levels in feathers of wild continental sedentary birds as a strategy to evaluate environmental pollution.



Magpie feathers were previously assessed for HM levels in a study conducted in Poland [29]. HM concentrations were considerably higher compared to our study, since Pb levels were 5–10 µg/g in samples from low-pollution areas, and 50–250 µg/g samples from highly polluted areas, while Cd ranged from 0.5 to 10 µg/g according to sampling zones.



In a more recent work, Pb and Cd levels were measured in feathers of magpies collected in Iran [46]. In this study, Pb and Cd levels were also higher than those found in our research, with mean Pb and Cd levels of 9.29 and 1.58 µg/g, respectively.



Two previous studies conducted in Malaysia in 2016 and 2017 evaluated the levels of Pb, Ni, and Cd in the organs and feathers of Corvus splendens, a species belonging to the same family of corvids as Pica pica; a significant positive correlation between the concentrations of these HMs in the feathers and in internal organs was found [25,26]. The levels of Pb and Ni detected in crow feathers in these studies were considerably higher than in our study; it should be considered, however, that these previous studies were conducted in a very densely populated area, characterized by a huge industrial development, conditions that involve a high level of HM pollution in the environment [26]. Since P. pica and C. splendens, are both opportunist omnivores which share the same ecological niche, the high difference in HM levels observed might be due to the different levels of environmental contamination, and subsequent bioaccumulation of HM along the food chains, characterizing the two areas.



In a previous study on feathers of other Passeriformes, Cyanistes caeruleus and Parus major, Cd and Ni levels close to those measured in our study but higher Pb levels, were found [27]; moreover, in selected species of birds of prey (Accipiter nisus, Athene noctua, Tyto alba, Strix aluco) Ni, Cd, and Pb concentrations in feather samples were not dissimilar to those we have found in P. pica, whereas Hg levels measured in our study were about 8 times higher compared to those detected in birds of prey [23].



In addition, a study conducted in Korea on feathers of two species of heron, Nycticorax nycticorax and Ardea cinerea, showed levels of Cd similar to our study on Eurasian magpies but lower Pb levels [31].



By contrast, Pb and Cd concentrations measured in feathers of pigeons (Columba livia) sampled in the highly urbanized and polluted area of Paris [28], were considerably higher than those observed in our study.



The high variability of THM levels observed in different studies, may be related to the discrepancies in the levels of environmental contamination of the study areas, but it is likely heavily influenced by the ecological niche of the different bird species. Indeed, while C. splendens and P. pica are omnivorous opportunistic birds, all the others studies involved granivorous [28], granivorous-insectivorous [27], piscivorous [31], or strictly carnivorous species [23], thus it might be difficult to compare HM levels among species with very different feeding habits, since the position of a species in the food chain is able to greatly influence HM levels by means of the biomagnification phenomenon [51].



No significant differences were found in the levels of THMs in the feathers between male and female specimens. This result is in agreement with what was previously observed in a previous study on the same species [30]. On the contrary, age seems to have an influence on THM accumulation in Eurasian magpies, since Pb and Ni levels were significantly lower in feathers of young subjects than in adults: 2.07 mg/kg (0.41–5.82), and 0.54 mg/kg (0.18–2.27) vs. 3.91 mg/kg (0.67–17.66), and 0.54 (0.18–2.27), respectively, (p = 0.003, and p = 0.047) (Table 1).



Although no differences according to age were detected in a previous study on HM levels in magpie feathers, this result is in accordance with what was observed in studies on other bird species [25,26,52]. Indeed, adult birds tend to have higher food intake due to the increased energy requirements needed for reproductive activity compared to immature subjects, and are thus potentially more exposed to food-borne contaminants [26].



By contrast, significantly higher levels of Cd (p = 0.0002) and Hg (p = 0.0044) were detected in feathers of young magpies compared to adults; Cd level was 0.16 mg/kg (0.12–0.20) in young subjects vs. <LOD mg/kg (<LOD–0.25) in adults, and Hg level was 4.58 mg/kg (1.54–85.9) vs. 3.26 mg/kg (1.35–12.7). A possible reason for this difference might be that young P. pica subjects are more prone to exploiting anthropogenic food sources (such as garbage and waste) due to the lower predatory skills compared to more experienced animals [35], and are therefore more exposed to contamination by some HMs, such as Hg and Cd, that might be more abundant in waste disposal sites. The use of Hg, in particular, was strongly restricted in production processes following the application of European Commission Regulation n° 1102/2008 [53], and progressively dismissed for civil use following EU Regulation n° 852/2017 [54]. The higher Hg levels in feathers of young magpies, together with the huge variability in Hg concentrations measured in this study, could therefore be related to an increased probability of exposure to Hg-containing materials like old batteries, paints, or thermometers in urban waste [55]. Indeed, one sample showed a very high Hg concentration (85.9 mg/kg), suggesting that sporadic exposure to material with high Hg content might be relevant.



No significant differences were instead found when comparing levels of Ni, Cd, and Pb in magpie feathers of UZ vs. RZ groups (Table 2). Surprisingly, the Hg level in the feathers of magpies captured in RZ was significantly higher compared to that of birds of UZ group 4.05 mg/kg (1.35–12.7) vs. 2.99 mg/kg (1.54–85.9) (p = 0.005).



The lack of a positive correlation between the level of urban activities of the two sampling areas and THM concentrations measured in magpie feathers raises some doubts about the real usefulness of this technique in order to evaluate environmental pollution by HMs.



This finding is in fact in contrast with a previous study, in which Pb and Cd levels in magpie feathers were significantly higher in highly industrialized capture areas compared to other unpolluted areas [29]. It is worth noting, however, that in the study conducted in Iran [30], no significant differences in Pb or Cd levels according to the level of urbanization of the sampling areas were found, in accordance to what was observed in our study.



It should, however, be taken into consideration that THM levels detected in our study are low in comparison to most previous similar studies, and this may indicate a low level of pollution by HMs in the sampling zones. It can be inferred that, with low levels of HM pollution in the environment, this biomonitoring method may be not sensitive enough to reveal small differences. Indeed, in the study conducted in Poland [29], Pb levels ranged from 5 µg/g in samples collected in unpolluted zones to 250 µg/g in samples from highly industrialized zones, so a huge difference in HM contamination of sampling areas might have been detected despite a possible low sensitivity of the technique.




3.2. OS Biomarkers and Hg Blood Levels


Biomarkers levels of OS are summarized in Table 3. MDA levels in females were significantly higher than in males: 23.95 mmol/L (1.10–81.60) vs. 18.40 mmol/L (1.30–53.00) (p = 0.036, data not shown).



A strong negative correlation was detected between superoxide anion and SOD levels (r = −0.84, p < 0.001). This result is not surprising, given that SOD is the enzyme that converts the highly reactive superoxide anion into hydrogen peroxide, and could thus be depleted in presence of high superoxide levels. No significant differences were found in OS biomarker levels comparing UZ and RZ groups, except for FRAP values which were higher in magpies of UZ than of RZ: 320.9 µM (106.4–1727) vs. 258.30 µM (98.9–630.2), respectively.



No correlation was demonstrated between the levels of THMs and biomarkers of OS taken into consideration. It seems, however, unlikely that such a low level of contamination by THMs could be enough to influence OS biomarkers in the studied birds.



Indeed, previous studies have investigated the presence of a correlation between THM levels and OS in birds. These studies seem to suggest that OS might not be triggered if THM are below a certain level [43,44]. Moreover, a different sensitivity to OS caused by exposure to THM, such as Pb or Hg, was found among diverse avian families [44,46]. The median Hg level in blood of magpies was 0.01 mg/kg; Hg level in blood samples was not significantly correlated with the concentration measured in feathers. This result is not surprising since the blood Hg level reflect a recent exposure to the metal, whereas the concentration in the feathers is related to the Hg accumulation during the time of the eruption phase of the examined feathers [23]. Hg blood level of adult specimens resulted significantly higher than that of young specimens: 0.02 mg/kg (<LOD–0.04) vs. 0.01 mg/kg (<LOD–0.04), p = 0.012.



The THM concentrations detected in our study were probably below the threshold level needed to significantly hinder the balance between oxidant and anti-oxidant factors. Accordingly, the median level of Hg in blood of magpies detected in our study was lower compared to the concentrations able to induce a relevant alteration of OS biomarkers in eagle owls (Bubo bubo) and griffon vultures (Gyps fulvus) [43,44].





4. Conclusions


In conclusion, the result of the present study suggests that the assessment of THM levels in the feathers of Eurasian magpies could represent an easy, non-invasive and humane method to obtain information on environmental pollution, since this species has sedentary habits, and the levels of these metals in feathers are detectable and measurable and are surely related to their presence in the environment. The lack of a correlation between the level of urbanization of the sampling zone and the THM concentrations in feathers may suggest a low sensitivity of this method in the presence of a low degree of pollution. No correlation was found between OS biomarkers and THM levels either, suggesting that a low-level exposure to these contaminants could be insufficient to cause OS in this bird species.



This study has some limitations, since the existence of a correlation of THM levels in feathers and internal organs was not assessed, and an evaluation of THM concentrations in samples of soil or food sources collected in the environment was not performed.



Further experiments are needed to better evaluate the real efficacy of this biomonitoring technique, for example, by evaluating THM levels in birds collected in more polluted areas. Additionally, it would be of great interest to investigate the existence of a correlation between THM levels in feathers of magpies and in samples of soil or in earthworms, which represent also one of the main preys of these birds.







Author Contributions


Conceptualization, S.B., T.I. and A.M.; methodology, M.P.-L., S.M.; validation, M.P.-L., S.M.; investigation, T.I., G.B., F.G.; data curation, T.I., A.M. and P.S.; writing—original draft preparation, T.I. and A.M.; writing—review and editing, A.M. and T.I.; supervision, S.B. and A.M.; project administration, S.B.; funding acquisition, S.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research has been financially supported by the Program “FIL-Quota Incentivante” of the University of Parma and co-sponsored by Fondazione Cariparma.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Raw data are available on request addressed to the corresponding author.




Acknowledgments


A special thanks to Simona Bussolati for the valuable work done carrying out the analysis activities relating to OS biomarkers from plasma samples. We wish to thank URCA (Unione Regionale Cacciatori Appenninici—Sezione di Parma), and especially URCA Parma president, Gino Galvani, for the wonderful support in the capture of wild birds.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gall, J.E.; Boyd, R.S.; Rajakaruna, N. Transfer of heavy metals through terrestrial food webs: A review. Environ. Monit. Assess. 2015, 187, 201. [Google Scholar] [CrossRef] [PubMed]

	



D’Souza, S.J.; Narurkar, L.M.; Narurkar, M.V. Effect of environmental exposures to lead and cadmium on human lymphocytic detoxifying enzymes. Bull. Environ. Contam. Toxicol. 1994, 53, 458–463. [Google Scholar] [CrossRef] [PubMed]

	



Duffus, J.H. Heavy metals, a menaningless term? Pure Appl. Chem. 2002, 74, 793–807. [Google Scholar] [CrossRef]

	



Singh, J.; Kalamdhad, A.S. Effects of Heavy Metals on Soil, Plants, Human Health and Aquatic Life. Int. J. Res. Chem. Environ. 2011, 1, 15–21. [Google Scholar]

	



Tchounwou, P.B.; Yedjou, C.G.; Patlolla, A.K.; Sutton, D.J. Heavy metal toxicity and the environment. EXS 2012, 101, 133–164. [Google Scholar]

	



Swaileh, K.M.; Sansur, R. Monitoring urban heavy metal pollution using the House Sparrow (Passer domesticus). J. Environ. Monit. 2006, 8, 209–213. [Google Scholar] [CrossRef]

	



Engwa, G.A.; Ferdinand, P.U.; Nwalo, F.N.; Unachukwu, M.N. Mechanism and Health Effects of Heavy Metal Toxicity in Humans. In Poisoning in the Modern World-New Tricks for an Old Dog? Intechopen: London, UK, 2019. [Google Scholar]

	



Dietz, R.; Riget, F.; Cleemann, M.; Aarkrog, A.; Johansen, P.; Hansen, J.C. Comparison of contaminants from different trophic levels and ecosystems. Sci. Total Environ. 2000, 245, 221–231. [Google Scholar] [CrossRef]

	



Silbergeld, E.K.; Waalkes, M.; Rice, J.M. Lead as a carcinogen: Experimental evidence and mechanisms of action. Am. J. Ind. Med. 2000, 38, 316–323. [Google Scholar] [CrossRef]

	



Zambelli, B.; Uversky, V.N.; Ciurli, S. Nickel impact on human health: An intrinsic disorder perspective. Biochim. Biophys. Acta Proteins Proteom. 2016, 1864, 1714–1731. [Google Scholar] [CrossRef]

	



Zhou, C.; Huang, C.; Wang, J.; Huang, H.; Li, J.; Xie, Q.; Liu, Y.; Zhu, J.; Li, Y.; Zhang, D.; et al. LncRNA MEG3 downregulation mediated by DNMT3b contributes to nickel malignant transformation of human bronchial epithelial cells via modulating PHLPP1 transcription and HIF-1α translation. Oncogene 2017, 36, 3878–3889. [Google Scholar] [CrossRef] [PubMed]

	



Crespo-López, M.E.; Macêdo, G.L.; Pereira, S.I.D.; Arrifano, G.P.F.; Picanço-Diniz, D.L.W.; Nascimento, J.L.M.d.; Herculano, A.M. Mercury and human genotoxicity: Critical considerations and possible molecular mechanisms. Pharmacol. Res. 2009, 60, 212–220. [Google Scholar] [CrossRef] [PubMed]

	



Valko, M.; Morris, H.; Cronin, M. Metals, Toxicity and Oxidative Stress. Curr. Med. Chem. 2005, 12, 1161–1208. [Google Scholar] [CrossRef]

	



Martinez, A.; Crespo, D.; Fernandez, J.A.; Aboal, J.R.; Carballeira, A. Selection of flight feathers from Buteo buteo and Accipiter gentilis for use in biomonitoring heavy metal contamination. Sci. Total Environ. 2012, 425, 254–261. [Google Scholar] [CrossRef] [PubMed]

	



Holt, E. Bioindicators: Using organisms to measure environmental impacts. Nat. Educ. Knowl. 2010, 3, 1–8. [Google Scholar]

	



Bond, A.L.; Lavers, J.L. Trace element concentrations in feathers of flesh-footed Shearwaters (Puffinus carneipes) from across their breeding range. Arch. Environ. Contam. Toxicol. 2011, 61, 318–326. [Google Scholar] [CrossRef]

	



Nardiello, V.; Fidalgo, L.E.; Lopez-Beceiro, A.; Bertero, A.; Martinez-Morcillo, S.; Miguez, M.P.; Soler, F.; Caloni, F.; Perez-Lopez, M. Metal content in the liver, kidney, and feathers of Northern gannets, Morus bassanus, sampled on the Spanish coast. Environ. Sci. Pollut. Res. Int. 2019, 26, 19646–19654. [Google Scholar] [CrossRef] [PubMed]

	



Markowski, M.; Kalinski, A.; Skwarska, J.; Wawrzyniak, J.; Banbura, M.; Markowski, J.; Zielinski, P.; Banbura, J. Avian feathers as bioindicators of the exposure to heavy metal contamination of food. Bull. Environ. Contam. Toxicol. 2013, 91, 302–305. [Google Scholar] [CrossRef] [PubMed]

	



Goede, A.A.; de Bruin, M. The use of bird feather parts as a monitor for metal pollution. Environ. Pollut. Ser. B Chem. Phys. 1984, 8, 281–298. [Google Scholar] [CrossRef]

	



Denneman, W.D.; Douben, P.E.T. Trace metals in primary feathers of the Barn Owl (Tyto alba guttatus) in The Netherlands. Environ. Pollut. 1993, 82, 301–310. [Google Scholar] [CrossRef]

	



Villamil-Hernandez, M.T.; Alcantara-Vazquez, O.; Sanchez-Lopez, A.; Centurion, D. The alpha2-adrenoceptors mediating inhibition of the vasopressor sympathetic outflow in pithed rats: Pharmacological correlation with alpha2A, alpha2B and alpha2C subtypes. Eur. J. Pharmacol. 2013, 718, 245–252. [Google Scholar] [CrossRef]

	



Burger, J. Metals in avian feathers: Bioindicators of environmental pollution. Rev. Environ. Toxicol. 1993, 5, 203–211. [Google Scholar]

	



Dauwe, T.; Bervoets, L.; Pinxten, R.; Blust, R.; Eens, M. Variation of heavy metals within and among feathers of birds of prey: Effects of molt and external contamination. Environ. Pollut. 2003, 124, 429–436. [Google Scholar] [CrossRef]

	



Golden, N.H.; Rattner, B.A.; Cohen, J.B.; Hoffman, D.J.; Russek-Cohen, E.; Ottinger, M.A. Lead accumulation in feathers of nestling black-crowned night herons (Nycticorax nycticorax) experimentally treated in the field. Environ. Toxicol. Chem. 2003, 22, 1517–1524. [Google Scholar] [CrossRef] [PubMed]

	



Janaydeh, M.; Ismail, A.; Zulkifli, S.Z.; Bejo, M.H.; Aziz, N.A.; Taneenah, A. The use of feather as an indicator for heavy metal contamination in house crow (Corvus splendens) in the Klang area, Selangor, Malaysia. Environ. Sci. Pollut. Res. Int. 2016, 23, 22059–22071. [Google Scholar] [CrossRef] [PubMed]

	



Janaydeh, M.; Ismail, A.; Omar, H.; Zulkifli, S.Z.; Bejo, M.H.; Aziz, N.A.A. Relationship between Pb and Cd accumulations in house crow, their habitat, and food content from Klang area, Peninsular Malaysia. Environ. Monit. Assess. 2017, 190, 47. [Google Scholar] [CrossRef]

	



Dauwe, T.; Bervoets, L.; Blust, R.; Pinxten, R.; Eens, M. Can excrement and feathers of nestling songbirds be used as biomonitors for heavy metal pollution? Arch. Environ. Contam. Toxicol. 2000, 39, 541–546. [Google Scholar] [CrossRef] [PubMed]

	



Frantz, A.; Pottier, M.A.; Karimi, B.; Corbel, H.; Aubry, E.; Haussy, C.; Gasparini, J.; Castrec-Rouelle, M. Contrasting levels of heavy metals in the feathers of urban pigeons from close habitats suggest limited movements at a restricted scale. Environ. Pollut. 2012, 168, 23–28. [Google Scholar] [CrossRef]

	



Dmowski, K.; Golimowski, J. Feathers of the magpie (Pica pica) as a bioindicator material for heavy metal pollution assessment. Sci. Total Environ. 1993, 139–140, 251–258. [Google Scholar] [CrossRef]

	



Zarrintab, M.; Mirzaei, R.; Mostafaei, G.; Dehghani, R.; Akbari, H. Concentrations of Metals in Feathers of Magpie (Pica pica) from Aran-O-Bidgol City in Central Iran. Bull. Environ. Contam. Toxicol. 2016, 96, 465–471. [Google Scholar] [CrossRef]

	



Kim, J.; Koo, T.H. The use of feathers to monitor heavy metal contamination in Herons, Korea. Arch. Environ. Contam. Toxicol. 2007, 53, 435–441. [Google Scholar] [CrossRef]

	



Dombrowski, A. The abundance of breeding populations of magpies (Pica pica) in various types of agricultural landscape in Poland. Acta Ornithol. 1997, 32, 25–32. [Google Scholar]

	



Birkhead, T. The Magpies: The Ecology and Behaviour of Black-Billed and Yellow-Billed Magpies; T&AD Poyser Ltd.: London, UK, 2010; pp. 1–272. [Google Scholar]

	



Dmowski, K. Birds as bioindicators of heavy metal pollution: Review and examples concerning European species. Acta Ornithol. 1999, 34, 1–25. [Google Scholar]

	



Madge, S.; Burn, H. Crows and Jays: A Guide to the Crows, Jays, and Magpies of the World; Houghton Mifflin: Boston, MA, USA, 1994; p. 32. [Google Scholar]

	



Jaspers, V.; Dauwe, T.; Pinxten, R.; Bervoets, L.; Blust, R.; Eens, M. The importance of exogenous contamination on heavy metal levels in bird feathers. A field experiment with free-living great tits, Parus major. J. Environ. Monit. 2004, 6, 356–360. [Google Scholar]

	



Pain, D.J.; Meharg, A.A.; Ferrer, M.; Taggart, M.; Penteriani, V. Lead concentrations in bones and feathers of the globally threatened Spanish imperial eagle. Biol. Conserv. 2005, 121, 603–610. [Google Scholar] [CrossRef]

	



Fromant, A.; Carravieri, A.; Bustamante, P.; Labadie, P.; Budzinski, H.; Peluhet, L.; Churlaud, C.; Chastel, O.; Cherel, Y. Wide range of metallic and organic contaminants in various tissues of the Antarctic prion, a planktonophagous seabird from the Southern Ocean. Sci. Total Environ. 2016, 544, 754–764. [Google Scholar] [CrossRef]

	



Morton, J.; Tan, E.; Suvarna, S.K. Multi-elemental analysis of human lung samples using inductively coupled plasma mass spectrometry. J. Trace Elem. Med. Biol. 2017, 43, 63–71. [Google Scholar] [CrossRef] [PubMed]

	



Adrian, W.J.; Stevens, M.L. Wet versus dry weights for heavy metal toxicity determinations in duck liver. J. Wildl. Dis. 1979, 15, 125–126. [Google Scholar] [CrossRef] [PubMed]

	



Christou, K.; Markoulis, N.; Moulas, A.N.; Pastaka, C.; Gourgoulianis, K.I. Reactive oxygen metabolites (ROMs) as an index of oxidative stress in obstructive sleep apnea patients. Sleep Breath. 2003, 7, 105–110. [Google Scholar] [CrossRef]

	



Benzie, I.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal. Biochem. 1996, 239, 70–76. [Google Scholar] [CrossRef]

	



Espin, S.; Martinez-Lopez, E.; Jimenez, P.; Maria-Mojica, P.; Garcia-Fernandez, A.J. Effects of heavy metals on biomarkers for oxidative stress in Griffon vulture (Gyps fulvus). Environ. Res. 2014, 129, 59–68. [Google Scholar] [CrossRef] [PubMed]

	



Espin, S.; Martinez-Lopez, E.; Leon-Ortega, M.; Martinez, J.E.; Garcia-Fernandez, A.J. Oxidative stress biomarkers in Eurasian eagle owls (Bubo bubo) in three different scenarios of heavy metal exposure. Environ. Res. 2014, 131, 134–144. [Google Scholar] [CrossRef]

	



Cooper-Mullin, C.; Carter, W.A.; McWilliams, S.R. Acute effects of intense exercise on the antioxidant system in birds: Does exercise training help? J. Exp. Biol. 2019, 222, jeb210443. [Google Scholar] [CrossRef]

	



Kanwal, S.; Abbasi, N.A.; Chaudhry, M.J.I.; Ahmad, S.R.; Malik, R.N. Oxidative stress risk assessment through heavy metal and arsenic exposure in terrestrial and aquatic bird species of Pakistan. Environ. Sci. Pollut. Res. Int. 2020, 27, 12293–12307. [Google Scholar] [CrossRef] [PubMed]

	



Zeb, A.; Ullah, F. A Simple Spectrophotometric Method for the Determination of Thiobarbituric Acid Reactive Substances in Fried Fast Foods. J. Anal. Methods Chem. 2016, 2016, 9412767. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.; Duan, X.; Yang, J.; Beeching, J.R.; Zhang, P. Enhanced reactive oxygen species scavenging by overproduction of superoxide dismutase and catalase delays postharvest physiological deterioration of cassava storage roots. Plant Physiol. 2013, 161, 1517–1528. [Google Scholar] [CrossRef]

	



Basini, G.; Simona, B.; Santini, S.E.; Grasselli, F. Reactive oxygen species and anti-oxidant defences in swine follicular fluids. Reprod. Fertil. Dev. 2008, 20, 269–274. [Google Scholar] [CrossRef]

	



Ciccimarra, R.; Bussolati, S.; Grasselli, F.; Grolli, S.; Ragionieri, L.; Ravanetti, F.; Botti, M.; Gazza, F.; Cacchioli, A.; Di Lecce, R.; et al. Orexin system in swine ovarian follicles. Domest. Anim. Endocrinol. 2018, 62, 49–59. [Google Scholar] [CrossRef]

	



Beyer, W.N. A Reexamination of Biomagnification of Metals in Terrestrial Food-Chains. Environ. Toxicol. Chem. 1986, 5, 863–864. [Google Scholar] [CrossRef]

	



Giammarino, M.; Quatto, P.; Squadrone, S.; Abete, M.C. The hooded crow (Corvus cornix) as an environmental bioindicator species of heavy metal contamination. Bull. Environ. Contam. Toxicol. 2014, 93, 410–416. [Google Scholar] [CrossRef]

	



Ertl, K.; Kitzer, R.; Goessler, W. Elemental composition of game meat from Austria. Food Addit. Contam. Part B Surveill. 2016, 9, 120–126. [Google Scholar] [CrossRef]

	



Johnson, M. The beta-adrenoceptor. Am. J. Respir. Crit. Care Med. 1998, 158, S146–S153. [Google Scholar] [CrossRef] [PubMed]

	



Driscoll, C.T.; Mason, R.P.; Chan, H.M.; Jacob, D.J.; Pirrone, N. Mercury as a global pollutant: Sources, pathways, and effects. Environ. Sci. Technol. 2013, 47, 4967–4983. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 18 02973 g001 550] 





Figure 1. Cartographic image of the Eurasian magpie sampling zones, in the province of Parma (Italy). UZ (1–4) are sampling zones within 1 km from urban areas; RZ (1–4) are sampling zones farther than 5 km from urban areas. 
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Table 1. Toxic heavy metal (THM) levels (mg/kg) in feathers of Eurasian magpies of different age-class. All data are expressed as median and range. LOD = limit of detection.
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	Age Class
	n
	Pb
	Ni
	Cd
	Hg





	Young
	30
	2.07 (0.41–5.82)
	0.54 (0.18–2.27)
	0.16 (0.12–0.20)
	4.58 (1.54–85.9)



	Adult
	34
	3.91 (0.67–17.7) a
	0.76 (0.23–2.26) b
	<LOD (<LOD–0.25) c
	3.26 (1.35–12.7) d



	Total
	64
	2.80 (0.41–17.7)
	0.68 (0.18–2.27)
	<LOD (<LOD–0.25)
	3.09 (1.35–85.9)







ap = 0.004, b p = 0.047, c p < 0.001, d p = 0.004 adult vs. young.
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Table 2. THM levels (mg/kg) in feathers of Eurasian magpies sampled in urban zone (UZ) and rural zone (RZ). All data are ex pressed as median and range. LOD = limit of detection.
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	Sampling Area
	n
	Pb
	Ni
	Cd
	Hg





	UZ
	28
	2.89 (0.41–17.7)
	0.74 (0.20–1.39)
	<LOD (<LOD–0.18)
	2.99 (1.54–85.9)



	RZ
	36
	2.60 (0.48–9.76)
	0.66 (0.18–2.27)
	<LOD (<LOD–0.25)
	4.05 (1.35–12.7) *



	Total
	64
	2.80 (0.41–17.7)
	0.68 (0.18–2.27)
	<LOD (<LOD–0.25)
	3.09 (1.35–85.9)







* p = 0.005 RZ vs. UZ.
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Table 3. Biomarkers of oxidative stress (OS) in blood of Eurasian magpies according to age-class. d-ROMs: determinable reactive oxygen species; MDA: malondialdehyde; NO: nitric oxide; WST: water soluble tetrazolium; SOD: superoxide dismutase; FRAP: ferric reducing antioxidant power. All data are expressed as median and range. LOD = limit of detection.
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	Age Class
	n
	d-ROMs (UCAR)
	MDA (mmol/L)
	NO (µmol/L)
	WST (mABS)
	SOD (U/mL)
	FRAP (µmol/L)





	Young
	30
	0.06

(<LOD–0.31)
	22.2

(<LOD–44.7)
	3.28

(1.74–11.5)
	0.20

(0.08–0.47)
	8.04

(2.17–21.4)
	282.5

(106.4–1727)



	Adult
	34
	0.07

(<LOD–0.18)
	20.75

(1.30–82.6)
	2.98

(1.48–3.67)
	0.21

(0.09–0.51)
	9.12

(2.43–18.0)
	303.6

(98.9–632.2)



	Total
	64
	0.06

(<LOD–0.31)
	21.0

(<LOD–82.6)
	3.01

(1.48–11.5)
	0.21

(0.08–0.51)
	8.28

(2.17–21.4)
	293.1

(98.9–1727)
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