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 2 

ABSTRACT 23 

A perfluorinated alkylated substances (PFAS) biomonitoring study was conducted in 24 

European eel (Anguilla anguilla) in Italy for the first time. Perfluorooctanesulfonate (PFOS) 25 

and perfluorooctanoic acid (PFOA) concentrations were assessed in the organs of 35 wild eels 26 

from two locations, the highly impacted Po River and the Comacchio Lagoon along the north-27 

western Adriatic coast. PFAS were extracted by ion-pairing liquid extraction procedure and 28 

measured using high performance liquid chromatography with electrospray ionization tandem 29 

mass spectrometry. There were no significant differences in mean PFAS concentrations (p > 30 

0.05) between samples from the two sites. PFOS and PFOA were detectable (>0.4 ng g-1 wet 31 

weight, w.w.) in 73% and 31% of the total samples, respectively. PFOS concentrations ranged 32 

from <0.4 to 6.28 ng g-1 w.w. and PFOA from <0.4 to 92.77 ng g-1 w.w. The highest PFAS 33 

levels were observed in blood and the lowest in muscle. Histology showed macrophage 34 

aggregates and hepatocytic vacuolation in some liver samples. No tissue anomalies were seen 35 

in the gonads, suggesting no reproductive impairment. The PFAS contamination levels 36 

observed were comparable to, or lower than, those reported in fish in other European 37 

countries, seeming to indicate that PFAS pollution of the study area is not remarkable.  38 

 39 
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1. Introduction 44 

The distinctive physico-chemical properties of the anthropogenic chemicals, 45 

perfluorinated alkylated substances (PFAS), have made them useful for over 50 years in a 46 

wide variety of applications: surfactants, surface protectors, food packaging, plastics (Teflon), 47 

products for personal care and domestic hygiene, fire-fighting foams, and pesticides 48 

(Prevedouros et al., 2006; Suja et al., 2009). PFAS have been recently recognized as organic 49 

pollutants of worldwide concern, being persistent, bioaccumulative, toxic, and ubiquitous in 50 

the environment and in biota, including in humans (Giesy et al., 2001; La Rocca et al., 2012). 51 

The high and increasing number of publications on this topic clearly reflects the relevance of 52 

PFAS to both the scientific world and the public, and contamination levels should be 53 

monitored (EFSA, 2008; ATSDR, 2009; Lindstrom et al., 2011).  54 

Perfluorooctanesulfonate (PFOS) and perfluorooctanoic acid (PFOA) are the predominant and 55 

most studied PFASs, often considered reference or key substances of this family of 56 

contaminants (Rumsby et al., 2009; Suja et al., 2009). PFOS is included in Annex B of the 57 

Stockholm Convention on Persistent Organic Pollutants (2011). Few national measures for 58 

control of PFOA have been adopted worldwide, although it is identified as carcinogenic 59 

(ECHA, 2012) and toxic to reproduction (Cat 1B). PFOS is the most prevalent PFAS found in 60 

both freshwater and saltwater fish species worldwide (Houde et al., 2006, 2011). A broad 61 

spectrum of adverse consequences has been reported in animals exposed to PFAS, chiefly in 62 

liver; however, these effects occur primarily at concentrations higher than those expected to 63 

be found in the environment (Suja et al., 2009). Recent research has focused on endocrine 64 

disrupting properties of both PFOA (Wei et al. 2007; White et al., 2011) and PFOS (Han and 65 

Fang, 2010; La Rocca et al., 2012), which can exert estrogen-like activity affecting fertility. 66 

Knowledge of the toxicological effects of PFOS and PFOA in fish is currently limited (Kim et 67 

al., 2010).  68 
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The present study focused on an edible species, the European eel, Anguilla anguilla 69 

(L.), which is in decline in most of its geographical distribution (Dekker, 2002). Although the 70 

reasons for the population collapse are unclear, pollution and the consequent bioaccumulation 71 

of contaminants may play a role, as suggested by Geeraerts and Belpaire (2010). Two recent 72 

works (Bettinetti et al., 2011; Quadroni et al., 2013) dealt with the contamination of Italian eel 73 

populations, but PFAS were not included in the list of studied pollutants. The present 74 

investigation was conducted (1) to provide initial information on the levels of PFOS and 75 

PFOA in eel populations in Italy; (2) to compare PFAS concentrations in eels from the Po 76 

River, receiving continuous emissions from various sources, and the Comacchio coastal 77 

lagoon, a semi-enclosed environment free of contamination; and (3) to evaluate the impact of 78 

these compounds on the main target organs, with particular attention to their potential 79 

endocrine disruption activity. Fish gonad histology is a pivotal technique or end-point in field 80 

monitoring of estrogenic contaminant effects (Sumi et al., 2007; Tanna et al., 2013).  81 

 82 

2. Materials and methods 83 

2.1. Study area and sample collection 84 

Thirty-five yellow eels were caught by local fishermen between January and June 2012 85 

in northern Italy: 19 from the lower stretch of the Po River near the city of Ferrara and 16 86 

from the Adriatic coastal Lagoon of Comacchio. The two sampling locations were selected 87 

based on their presumed differing levels of contamination. The Po River is the main Italian 88 

watercourse, originating in the Alps and flowing from west to east for 653 km across the 89 

entire width of northern Italy to the Adriatic Sea. This river irrigates the largest and most 90 

fertile plain of the country and creates one of Europe’s most important wetland systems. The 91 

river water at different locations is affected by industrial activity, agriculture, and municipal 92 

effluents. The Comacchio Lagoon is a 115 km2 saltwater semi-enclosed lagoon located in the 93 
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southernmost part of the Po River delta and is free of direct sources of contamination. An 94 

overview of the two sites and the corresponding eel data are provided in supporting 95 

information (Table S1). 96 

Sampled eels were transported live to the laboratory, measured for total length and wet 97 

weight, and killed by severing the spinal cord. A standard necropsy (see Ferguson, 2006) was 98 

performed, and liver, kidney, and gonad were removed along with samples of whole blood 99 

and muscle. Body size and macroscopic examination showed all specimens to be female. 100 

Liver and ovary were weighed for calculation of the hepato-somatic and gonado-somatic 101 

indices, respectively, according to the formula HSI/GSI = liver/gonad weight (g)/ body weight 102 

(g) x 100). Fragments of liver and gonad were fixed in 10% neutral buffered formalin for 24 h 103 

and subsequently stored in 70% ethanol. Portions of liver, gonad, and kidney, as well as 104 

muscle and blood samples, were flash-frozen and stored at -20 ° C for chemical analysis. 105 

Otoliths were extracted for age estimation (ICES, 2009).  106 

2.2. Analysis of PFAS and other endocrine disrupting chemicals in tissues 107 

Concentrations of PFOS and PFOA in whole blood, liver, kidney, gonad, and muscle 108 

were analysed to determine the accumulation and distribution patterns. PFOS and PFOA were 109 

extracted using an ion-pairing extraction procedure and measured using high performance 110 

liquid chromatography with electrospray ionization tandem mass spectrometry, following a 111 

widely used method (Perra et al., 2010; Guerranti et al., 2013a, b). About 1 g of sample was 112 

homogenised with 5 mL of Ultrapure water supplied by a Milli-Q system from Millipore 113 

(Watford, UK). One millilitres of 0.5 M tetrabutylammonium (TBA) hydrogen sulphate 114 

(Sigma Aldrich, St. Louis, MO) solution and 2 mL of sodium carbonate buffer (Sigma 115 

Aldrich, St. Louis, MO) (0.25 M, pH 10) were added to 1 mL of the homogenate samples in a 116 

polypropylene tube and thoroughly mixed for extraction. Five millilitres of methyl tert-butyl 117 

ether (MTBE) (Sigma Aldrich, St. Louis, MO) were added to the above mixture and shaken 118 
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for 20 min. The organic and aqueous layers were separated by centrifugation, and an exact 119 

volume of MTBE (4 mL) was removed from the solution. The aqueous mixture was rinsed 120 

with MTBE and separated twice; both the rinses were combined in a second polypropylene 121 

tube. The solvent was evaporated under nitrogen and replaced with 0.5 mL of HPLC grade 122 

methanol (Sigma Aldrich, St. Louis, MO). This extract was passed through a nylon filter (0.2 123 

μm, Supelco, Bellefonte, PA) into an HPLC vial. Extraction blanks were prepared using 124 

Milli-Q water. Analytes separation was performed using a Finnigan Surveyor Plus HPLC 125 

System, consisting of a quaternary pump, vacuum degasser, and autosampler. 126 

Chromatographic separation was achieved using a Betasil C18 column (50 _ 2.1 mm i.d., 5 127 

lm) supplied by Thermo Electron Corporation, San Jose, CA. For quantitative determination, 128 

the HPLC system was interfaced to a Finnigan LTQ linear ion trap mass spectrometer 129 

(Thermo Electron Corporation, San Jose, CA) operating in negative electrospray mode. 130 

Instrumental parameters were optimised to transmit the [M-H]- ions for the analytes. Primary 131 

and product ions monitored for PFOS and PFOA determinations were 412.8>168.8, 218.8, 132 

and 498.8>368.9, respectively. Ten microliters of each extract were injected in the LC–MS 133 

with 2 mM LC–MS grade ammonium acetate (>99%, from CNW, Dusseldorf, Germany 134 

/HPLC grade methanol (Sigma Aldrich, St. Louis, MO) as the mobile phase starting at 10% 135 

methanol. At a flow rate of 300 μL/min the gradient increased to 95% methanol at 10 min 136 

before reverting to original conditions at 15 min. Column temperature was maintained at 137 

25°C. Standards for the five-point calibration curve were prepared by progressive dilution 138 

with methanol from a neat standard purchased from Dr Ehrenstorfer (Augsburg, Germany) 139 

and concentrations were evaluated in comparison to this unextracted standard curve and were 140 

not corrected for the recoveries or for the purity of the standards (more than 98%). Individual 141 

stock solutions of the target analytes were prepared in methanol and stored in polypropylene 142 

bottles at -20°C. LOD, determined as three times the signal-to-noise (S/N) ratio, was 0.4 ng/g 143 
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wet weight (w.w.). Teflon coated labware were avoided during the whole process of 144 

sampling, pre-treatment and analysis to minimize contamination of the samples. Data quality 145 

assurance and quality control protocols included matrix spikes, laboratory blanks, and 146 

continuing calibration verification. Blanks were analysed with each set of five tissue samples 147 

as a check for possible laboratory contamination and interferences; recoveries, assessed using 148 

spiked matrix with a concentration of 5 ng/g of each analytes, were over 93% in blood, and 149 

over 89% in tissues, for both the two analytes. 150 

In addition to PFOS and PFOA, the concentrations of a phthalate di-2-ethylhexyl 151 

phthalate (DEHP) and of its primary metabolite, mono-2- ethylhexyl phthalate (MEHP), were 152 

measured in blood, and the alkylphenols 4-para nonylphenol (p-NP), 4-nonylphenol 153 

monoethoxylate (NP1EO), 4-nonylphenol diethoxylate (NP2EO), and 4-nonylphenol 154 

triethoxylate (NP3EO) as well as some synthetic musks (SMCs) were measured in muscle, 155 

since these endocrine disrupting compounds can affect reproduction and thus the histological 156 

endpoint of gonads under investigation in this study.  157 

The methods used to quantify phthalates were detailed in Fossi et al. (2012) and 158 

Guerranti et al. (2013c), with improvement of QA/QC described by Guo and Kannan (2012) 159 

and Schecter et al. (2013). Each sample was thawed and weighed, and acetone (HPLC grade, 160 

Sigma Aldrich, St. Louis, MO), was added. The resulting mixture was sonicated, stirred and 161 

centrifuged. Then, the supernatant was placed in a further 15 ml tube and precipitant was 162 

again added to 1 ml of acetone, sonicated, agitated and centrifuged for a further separation. 163 

The supernatant phase was then recovered and rebuilt with what resulted from the first 164 

extraction. The supernatants were then mixed and evaporated in a centrifugal evaporator. The 165 

extract was re-suspended with 0.5 ml of acetonitrile (HPLC grade, Sigma Aldrich, St. Louis, 166 

MO) and passed through a nylon filter (0.2 μm, Supelco, Bellefonte, PA). Subsequently, the 167 

sample was placed in an auto-sampler vial and injected into an LC-ESI-MS system. The 168 
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instrumental analysis was performed with a Finnigan LTQ Thermo LC/MSn with an ESI 169 

interface. A total of 5 μL of the extracted sample was injected via the auto-sampler into the 170 

HPLC system. A HPLC column ODS-2 HYPERSIL, 150 X 2.1 mm, particle size 5 μ 171 

(Thermo Electron Corporation, San Jose, CA) was used. The mobile phases consisted of 172 

100% acetonitrile (HPLC grade, Sigma Aldrich, St. Louis, MO) (A) and 0.05% aqueous 173 

acetic acid (≥99.5%, supplied by Sigma Aldrich, St. Louis, MO) (B). Elution was performed 174 

using an isocratic mode (A/B: 15/85, v/v) at 0.25 ml/min. ESI-MS was operated in the 175 

negative or positive ion mode depending on the analytes (MEHP was detected in the negative 176 

mode, whereas DEHP was detected in the positive mode). Column temperature was 177 

maintained at 25°C. The heated capillary and voltage were maintained at 500°C and ±4.0 kV, 178 

respectively. Standards of MEHP (≥99.5%) and DEHP (≥98.5%) were purchased from Dr 179 

Ehrenstorfer (Augsburg, Germany); for the quantitative analysis, a five-point calibration 180 

curve, prepared by the progressive dilution with acetonitrile (HPLC grade, Sigma Aldrich, St. 181 

Louis, MO) of a solution of the two analytes of interest, was used, evaluating the 182 

concentrations in comparison to this unextracted standard curve and not correcting for the 183 

recoveries or for the purity of the standards. Recoveries, assessed using matrix spiked with a 184 

concentration of 20 ng/g for DEHP and 10 ng/g of MEHP, were over 93% in blood, and over 185 

90% in tissues for both the two analytes. Following the indications of Guo and Kannan (2012) 186 

and Schecter et al. (2013), three procedural blanks were analysed with each set of five 187 

samples as a check for possible laboratory contamination and interference. When the 188 

concentrations of DEHP in the three procedural blanks varied widely, and if the difference in 189 

concentrations among the blanks exceeded 30 ng, then all the data were discarded and 190 

samples were reanalysed. Mean blank values were subtracted from sample values for each 191 

batch. The data quality assurance and quality control protocols also included daily calibration 192 

verification. Plastic labware was avoided during the whole process of sampling, pretreatment 193 
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and analysis to minimize contamination of the samples. The limits of detection (LODs) for 194 

the compounds analysed were the values of the compound in the blanks +3 SD. The LODs 195 

were 2 and 10 ng/g, respectively, for MEHP and DEHP. 196 

For alkylphenols and SMCs, the procedure adopted was that described by Guerranti et 197 

al. (2014). Homogenized samples (approximately 5 g) were extracted by accelerated solvent 198 

extractor (ASE 200, Dionex Corporation, Sunnyvale, CA), according to US-EPA (1996) 199 

method 3545A. The extract was purified on a chromatographic column packed with 5 g of 200 

Florisil PR 60/100 mesh (Supelco, Bellefonte, PA) activated at 130 °C for 16 h. The column 201 

was conditioned with 10 ml hexane (Sigma Aldrich, St. Louis, MO) and the sample eluted 202 

with a mixture of diethyl ether (Sigma Aldrich, St. Louis, MO)/hexane (100 ml, 1:10), then 203 

evaporated under a stream of nitrogen and brought to final volume (50 μL) with nonane 204 

(Sigma Aldrich, St. Louis, MO). For the quantitative analysis, a GC/MS ion trap Polaris 205 

coupled to a gas chromatograph GC TraceTM 2000 (provided with AS3000 autosampler) 206 

(ThermoFinnigan, San Jose, CA) was used. The capillary column used was RTX-5MS (30 m 207 

 0.25 mm, 0.25 μm) (Restek Corporation, Bellefonte, PA). Two μL of sample was injected 208 

in splitless mode at 250 °C. The energy of the filament was set to 70eV. The mass 209 

spectrometer has functioned with EI+ source (200 °C), with a transfer line temperature of 300 210 

°C. SMCs and p-NP were quantified using a standard mix containing 4 SMCs (xylene, 211 

ketone, tonalide, and galaxolide) and p-NP (Dr Ehrenstorfer, Augsburg, Germany) at 4 212 

concentrations as external standard. Plastic labware and soap use were avoided during the 213 

whole process of sampling, pre-treatment and analysis to minimize contamination of the 214 

samples. Data quality assurance and quality control protocols included matrix spikes, 215 

laboratory blanks, and continuing calibration verification. Blanks were analysed with each set 216 

of five tissue samples as a check for possible laboratory contamination and interferences; 217 

recoveries, assessed using spiked matrix with a concentration of 10 ng/g of each analytes, 218 
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were over 90% in blood, and over 85% in tissues, for SMCs and pNP, and over 83% in blood 219 

and tissues, for the ethoxylates. The LODs calculated as the mean blank +3SD were 1 ng g-1 220 

for pNP and SMCs, 5 ng g-1 for NP1EO, NP2EO, NP3EO. 221 

 222 

2.3. Histology 223 

The fixed samples were processed by routine techniques for paraffin embedding to produce 5 224 

μm sections for histopathological assessment. Sections stained with haematoxylin and eosin 225 

were examined by light microscopy using a Nikon Microscope ECLIPSE 80i and 226 

computerised image analysis software (Nis Elements AR 3.0). All slides were evaluated for 227 

pathology without knowledge of the sampling location or the level of PFAS contamination. 228 

Liver was scored based on severity of hepatocyte vacuolation. Based on US-EPA (2006) and 229 

Wolf et al. (2008), the lesion scores were 0 (not remarkable) = no vacuoles; 1 (minimal) = 230 

few scattered cells with vacuolation, less than 20% of the tissue in the section is involved; 2 231 

(mild) = scattered clusters of vacuolated hepatocytes, 30-50% of the tissue involved; 3 232 

(moderate) = most areas with vacuolated hepatocytes, 60-80% of the tissue involved); 4 233 

(severe) = majority of the hepatocytes filled with large clear vacuoles, greater than 80% of the 234 

tissue involved. The abundance of macrophage aggregates (MAs) in liver was evaluated at 235 

400 x magnification in ten fields of 70 000 µm2 from one section for each fish; the numbers of 236 

MAs counted in the ten fields were used for a single mean value. 237 

 238 

2.4. Statistics 239 

The statistical package Statistica v 7.1 (StatSoft Inc., Tulsa, OK) was used to analyze all data, 240 

with significance set at the 0.05 level. The mean, standard deviation, and range were 241 

determined for PFOS and PFOA in each tissue/organ of all specimens and separately in fish 242 

from the two sampling locations. To allow inclusion of all samples in the statistical analyses, 243 
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measured concentrations below the detection limit (0.4 ng g-1 wet weight) were assigned a 244 

value of one-half the LOD.  245 

Prior to analysis, the Shapiro–Wilk’s and Levene’s Tests were used to assess normality and 246 

the homogeneity of variance of the data. One-way ANOVA for PFOS and Mann–Whitney U 247 

test for PFOA were used to compare concentrations of the Po River and Comacchio Lagoon 248 

samples. To assess potential difference in histopathological score among eel groups with 249 

different PFAS levels, one-way ANOVA was again applied. Correlations between the 250 

measured PFAS and vacuolation score, MA abundance, and fish size were evaluated using the 251 

Pearson coefficient. 252 

 253 

3. Results and Discussion 254 

3.1. Occurrence and distribution of PFOS and PFOA in eels 255 

While pollutants such as PCBs, heavy metals, and pesticides are relatively well studied, 256 

the impact on the eel of more recently developed chemicals, such as PFAS and phthalates, 257 

remains poorly understood (Geeraerts and Belpaire, 2010).  258 

The concentrations of DEHP, MEHP, pNP, NP1EO, NP2EO, NP3EO, musk xylene 259 

(MX), musk ketone (MK), galaxolide (HHCB), and tonalide (AHTN), were below or near the 260 

LOD in the vast majority of the samples (Table S2). Prior to this study no information was 261 

available about contamination by phthalates and synthetic musks in fish from Po River and 262 

Comacchio Lagoon. Higher levels of MX, MK, HHCB, and AHTN were found in eel muscles 263 

from some waters in Germany (Fromme et al., 1999; Gatermann et al., 2002). With regard to 264 

alkylphenols, bile samples of fish from the middle section of Po River showed moderately 265 

low levels of estrogenic chemicals comprising 4-nonylphenol (Viganò et al., 2006). 266 

Most reports on the occurrence of PFAS have relied on the analysis of fish liver, whole 267 

body homogenates, or fillets (Ye et al 2008a). This investigation examined blood, liver, 268 
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muscle, gonad, and kidney. Tables 1 and 2 report the PFOS and PFOA concentrations 269 

detected in the eel samples in this study. No significant differences were found in PFOS 270 

(Anova, p > 0.05) or PFOA (Mann–Whitney U, p > 0.05) levels in any organ between fish 271 

from the Po River, which is highly impacted from anthropogenic activities, and those from 272 

Comacchio Lagoon, although the latter lacks in any obvious sources of these contaminants. 273 

This is in accordance with reports of occurrence of PFAS in species inhabiting not only areas 274 

in proximity to pollution sources, but also remote locations (Houde et al., 2006, 2011; Fatihah 275 

et al., 2009).  276 

PFOS was measured in 73% of the samples examined at mean concentrations ranging 277 

from 1 to 3 ng g-1 w.w, depending on the tissue. PFOS was above the LOD in all kidney and 278 

blood samples, reaching a maximum concentration of 6.28 ng g-1 (Table 1). The PFOS levels 279 

found were lower than those reported in A. anguilla tissue in other European countries 280 

(Schrap et al., 2004; Hoff et al., 2005; Kwadijk et al., 2010; Schuetze et al., 2010; Holzer et 281 

al., 2011) (Table 1). Hoff et al. (2005) reported PFOS concentrations from 17 to 9031 ng g-1 282 

in liver of eels from canals and ponds in Belgium. PFOS residues ranged from 27 to 120 ng g-283 

1 and from 37 to 83 ng g-1 in muscle of eels from the Rhine River in the Netherlands (Kwadijk 284 

et al., 2010) and Lake Mohne in Germany, respectively (Holzer et al., 2011). The mean PFOS 285 

concentration measured in Micropterus dolomieui and Cyprinus carpio muscle collected from 286 

rivers in the USA, which is considered to represent a background level in relatively 287 

uncontaminated sites, was approximately nine-fold that observed in eel muscle in the present 288 

study (0.9 ng g-1 w.w) (Kannan et al., 2005; Ye et al., 2008a).  289 

Thirty-one percent of the tested samples contained PFOA above the LOD. The mean 290 

PFOA concentration varied from 2 to 14 ng g-1 w.w according to the organ. Peak level (92.77 291 

ng g-1 w.w) was reached in a single gonad (Table 2). PFOA has often been reported low or 292 

under the LOD in fish organs (Bossi et al., 2005; Ye et al., 2008a; Quinete et al., 2009; 293 
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Fernandez-Sanjuan et al., 2010). Reports of quantification of PFOA in eel tissues are rare and 294 

refer only to muscle, and have indicated maximum concentrations of 0.3 (Schuetze et al., 295 

2010), 2.3 ng g-1 w.w (Holzer et al., 2011), and 2.6 (Schrap et al., 2004). The range of PFOA 296 

concentrations, from values below the LOD to 200 x LOD, found in the present study is 297 

comparable to results obtained for edible benthonic fish in the Mediterranean Sea (Nania et 298 

al., 2009). Mean PFOA levels were reported as 9 and 14 µg kg-1 in liver and muscle, 299 

respectively, with a few unusually high concentrations (110 and 172 µg kg-1) (Nania et al., 300 

2009).  301 

Although in the examined samples the highest mean concentrations of both PFAS were 302 

observed in blood and the lowest in muscle, the tissue distribution of PFOS and PFOA 303 

differed slightly. PFOS accumulation followed the order blood > kidney ≥ liver > gonad > 304 

muscle, with a blood/muscle ratio of 3.5, while PFOA concentrations showed the order blood 305 

≥ kidney > gonad > liver > muscle, with blood/muscle ratio of 6.6. Quinete et al. (2009) found 306 

PFOS concentrations in fish from Brazil to be generally higher in liver than in muscle, while 307 

hepatic PFOA concentrations were similar to, or lower than, in muscle. Lates niloticus and 308 

Oreochromis niloticus from Lake Victoria, Kenya contained PFOS and PFOA in liver at 309 

concentrations several orders of magnitude above that in muscle (Orata et al., 2008). A recent 310 

tissue distribution analysis of perfluorinated compounds in farmed freshwater fish from China 311 

indicated blood, followed by liver, brain, and finally muscle as sites of accumulation (Shi et 312 

al., 2012). PFOS and PFOA are preferentially retained in plasma and in highly vascularised 313 

sites, such as kidney and liver, probably due to PFAS affinity to haematic proteins (Han et al. 314 

2003; Jones et al., 2003).  315 

No significant correlations were found between hepatic PFOA concentration and total 316 

length (r = 0.20, p = 0.248) or weight (r = 0.13, p = 0.47) of eels, or for PFOS with total 317 

length (r = - 0.12, p = 0.483) or weight (r = - 0.06, p = 0.753). The present results are 318 
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consistent with those of other studies of PFAS in freshwater fish and might suggest that 319 

bioaccumulation is not linked to fish size (Hoff et al., 2005; Quinete et al., 2008, Ye et al., 320 

2008a). Contamination in fish can be influenced by habitat and trophic level. Fish living on, 321 

or closely associated with, the bottom can absorb PFAS from both water and sediments, 322 

possibly explaining the higher levels of PFOS and PFOA detected in benthonic species 323 

compared to pelagic (Nania et al., 2009). Several studies provided evidence for 324 

biomagnification of PFAS in aquatic food webs (Bossi et al., 2005), indicating elevated 325 

concentrations of these compounds in piscivorous fishes (Martin et al., 2004; Kannan et al., 326 

2005). Given that A. anguilla is a benthic species at a high trophic level, it may be an 327 

indicator of higher PFAS accumulation compared to other fish species. 328 

Field biomonitoring studies showed that PFOS is the main PFAS detected in the biota, 329 

in terms of both prevalence and concentration (Giesy et al. 2001; EFSA, 2008). Houde et al. 330 

(2006) reported that PFOA and other PFAS were generally measured at concentrations one or 331 

two orders of magnitude lower than those of PFOS in fish. In the eel population examined, 332 

PFOS was more prevalent than PFOA but, in the individual specimens in which both PFAS 333 

were detected, PFOA was at higher levels than PFOS. Monitoring of PFAS levels in 334 

European rivers by Loos et al. (2009) identified the Po as a major PFOA source in Europe. In 335 

2006, the PFOA concentration near the Po mouth ranged from 60 to 174 ng L-1, while PFOS 336 

levels were approximately 10 ng L-1 (Loos et al., 2008). More recent biomonitoring of sites in 337 

the Po basin reported the mean PFOA concentration near Ferrara to be 20 ng L-1 and the mean 338 

PFOS level below 10 ng L-1 (Valsecchi, 2013). The data on PFAS in Po water and the present 339 

results on PFAS levels in eel tissue samples, suggest that the most significant source of these 340 

contaminants in the Po River is enriched in PFOA rather than to PFOS. The PFOA level in 341 

the Po has decreased since 2006, and the mean concentrations detected in eel samples in 2012 342 

do not indicate remarkable pollution by PFAS, and are comparable to other areas of Europe. 343 
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 344 

3.2. Histology 345 

Microscopic examination of the ovaries showed all specimens to be fully differentiated, 346 

with chains of numerous large oocytes (Fig. S1a) in the previtellogenic stage or at the 347 

beginning of the vitellogenic stage (Fig. S1b). No histopathological changes were found in the 348 

ovaries of any eel (Fig. S1c, d). Although PFAS are considered EDs, there is limited 349 

information on the histological effects of PFOS and PFOA in fish gonads. In Gobiocypris 350 

rarus exposed for 28 days to PFOA (3, 10, and 30 mg L-1) ovaries underwent degeneration 351 

and occurrence of testes/ova were observed (Wei et al., 2007). Fathead minnows exposed to 352 

0.3 and 1 mg L-1 PFOS for 21 days showed histopathological alterations in female gonads, 353 

with elevated incidence of atretic follicles and more and/or larger MAs compared to controls 354 

(Ankley et al., 2005). Contrary to the above reported data on fish experimentally exposed to 355 

PFAS, the gonads of the eels examined in this study appeared normal (Fig. 1c, d), suggesting 356 

a lack of reproductive impairment. This discrepancy in histological results between the 357 

laboratory and field studies may depend primarily on the different concentrations and 358 

conditions of exposure. Based on the species/endpoint evaluated in the present study, current 359 

levels of PFOS and PFOA in wild eels would not appear to represent potential risk to 360 

fecundity of females at this sexual stage.  361 

The liver is the primary target organ of both acute and chronic exposure to PFAS (Cui 362 

et al., 2009). Hoff et al. (2005) found high PFOS contamination in freshwater fish and showed 363 

a correlation between the hepatic PFOS concentration and serum alanine aminotransferase 364 

activity, a marker of hepatic damage. The present study showed liver with normal structure, 365 

composed of hepatocytes arranged in typical architecture (Fig. S2a). The predominant 366 

anomaly was vacuolation of hepatocytes (Fig. S2b, c), which was evaluated semi-367 

quantitatively. The majority of eels with PFOA hepatic level below or near the LOD had a 368 
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lesion score from 0 to 2 (mean score ± SD, 0.92 ± 0.86), while, in liver with detectable PFOA 369 

residue (1-85 ng g-1 w.w), the hepatocyte vacuolation score ranged from 2 to 4 (mean score ± 370 

SD, 3.00 ± 0.82) (Table S3). The mean vacuolation score between the two groups was 371 

significantly different (Anova, p < 0.05). A significant positive correlation was found between 372 

vacuolation score and hepatic PFOA concentration (r = 0.60, p = 0.000). Hepatocytic 373 

vacuolation was reported in liver of rats after sub-chronic exposure to PFOA or PFOS (Cui et 374 

al., 2009). In mice treated with PFOA, the accumulation of cytoplasmic vacuoles in 375 

hepatocytes was correlated with a dose-dependent increase in serum and liver concentrations 376 

of PFOA (Wolf et al., 2008). With regard to fish, histological alterations, mainly vacuolation 377 

of hepatocytes, were observed in zebrafish fry chronically exposed to 250 µg L-1 PFOS (Du et 378 

al., 2008). Vacuolation is a common cellular response that may or may not be reversible, 379 

induced by a variety of stressful stimuli (Stevens et al., 2002; Bjerregaard et al., 2006; Giari et 380 

al., 2007). Generally it is the consequence of swelling and coalescence of intracytoplasmatic 381 

membrane-bound organelles and depends on the alteration of membrane permeability 382 

(Stevens et al., 2002). Recent research demonstrated altered membrane permeability in 383 

zebrafish exposed to PFOA (Hagenaars et al., 2013). Since vacuolation is an aspecific 384 

response, it is difficult to establish whether PFOA was the source of vacuolated hepatocytes 385 

observed in the present study. The presence of MAs of varying abundance and dimensions 386 

was observed in liver (Fig. 2b). These aggregates of pigmented cells occurred predominantly 387 

in individuals with higher levels of hepatic PFOA. A significant positive correlation was 388 

found between the abundance of MAs in liver and hepatic PFOA concentration (r = 0.55, p = 389 

0.001). Based on an extensive literature, MAs are more numerous in fish collected from 390 

polluted sites or experimentally treated with contaminants, and their density has been 391 

evaluated as a biomarker of exposure (Giari et al., 2007; Greenfield et al., 2008; Dabrowska et 392 

al., 2012). Since their proliferation is linked to multiple physiological and pathological 393 
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conditions (Agius and Roberts, 2003), MA occurrence is an nonspecific biomarker that should 394 

be considered with caution. In general, field studies are too complex to allow definite 395 

conclusions about the causality of the observed effects, and laboratory experiments carried 396 

out under controlled conditions are necessary to establish the correlation between histological 397 

damage and a specific pollutant or class of pollutants. This is the case of the present work 398 

which is part of a broad research program investigating natural and experimental exposures of 399 

fish to PFAS. 400 

 401 

Acknowledgements  402 

Thanks are due to the professional fishermen of Comacchio and Ferrara for their assistance in 403 

samples collection; to Dr. Bahram Dezfuli, Dr. Alice Lui, and Dr. Samantha Squerzanti for 404 

their help in dissecting fish; and to The Lucidus Consultancy for English correction of the 405 

manuscript. Part of this investigation was supported by grants from HERA Ferrara and we are 406 

grateful in particular to Dr. Francesco Maffini and Massimo Mari.  407 

408 



 18 

References 409 

Agius, C., Roberts, R.J., 2003. Melano-macrophage centres and their role in fish pathology. J. 410 

Fish Dis. 26, 499–509.  411 

Ankley, G.T., Kuehl, D.W., Kahl, M.D., Jensen, K.M., Linnum, A., Leino, R.L., Villeneuvet, 412 

D. A., 2005. Reproductive and developmental toxicity and bioconcentration of 413 

perfluorooctanesulfonate in a partial life-cycle test with the fathead minnow (Pimephales 414 

promelas). Environ. Toxicol. Chem. 24, 2316–2324. 415 

ATSDR, 2009.Agency for Toxics Substances and Disease Registry. Toxicological Profile for 416 

Perfluoroalkyls. Draft for Public Comment. May 2009. 417 

http://www.atsdr.cdc.gov/toxprofiles/tp200.pdfS Accessed 1/17/12. 418 

Bettinetti, R., Galassi, S., Quadroni, S., Volta, P., Ciccotti, E., Capoccioni, F., De Leo, G.A., 419 

2011. Use of Anguilla anguilla for biomonitoring Persistent Organic Pollutants (POP) in 420 

brackish and riverine waters in Central and Southern Italy. Water Air Soil Pollut, 217, 421 

321–331. 422 

Bjerregaard, L.B., Madsen, A.H., Korsgaard, B., Bjerregaard, P., 2006. Gonad histology and 423 

vitellogenin concentrations in brown trout (Salmo trutta) from Danish streams impacted 424 

by sewage effluent. Ecotoxicology 15, 315–327. 425 

Bossi, R., Riget, F.F., Dietz, R., Sonne, C., Fauser, P., Dam, M., Vorkamp, K.,2005. 426 

Preliminary screening of perfluorooctane sulfonate (PFOS) and other fluorochemicals in 427 

fish, birds and marine mammals from Greenland and the Faroe Islands. Environ. 428 

Pollut.136, 323–329. 429 

Cui, L., Zhou, Q., Liao, C., Fu, J., Jiang, G., 2009. Studies on the toxicological effects of 430 

PFOA and PFOS on rats using histological observation and chemical analysis. Arch. 431 

Environ. Contam. Toxicol. 56, 338–349. doi: 10.1007/s00244-008-9194-6 432 



 19 

Dabrowska, H., Ostaszewska, T., Kamaszewski, M., Antoniak, A., Napora-Rutkowski, Ł., 433 

Kopko, O., Lang, T., Fricke, N.F., Lehtonen, K., 2012. Histopathological, 434 

histomorphometrical, and immunohistochemical biomarkers in flounder (Platichthys 435 

flesus) from the southern Baltic Sea. Ecotoxicol. Environ. Safe. 78, 14–21. 436 

Dekker, W., 2002. Monitoring of glass eel recruitment: volume 1 thematic overview. Volume 437 

2A: country reports northern part. Volume 2B: country reports southern part. C007/02-438 

WD. IJmuiden, pp 256. 439 

Du, Y., Xiongjie, S., Ke, Y., Chunsheng, L., Bingsheng, Z., 2008. Chronic effects of 440 

waterborne PFOS exposure on growth, development, reproduction and hepatotoxicity in 441 

Zebrafish, in: Murakami, Y., Nakayama, K., Kitamura, S.-I., Iwata, H., Tanabe, S., (Eds.), 442 

Interdisciplinary Studies on Environmental Chemistry-Biological Responses to Chemical 443 

Pollutants. Terrapub, Tokyo, pp. 37-54. 444 

ECHA–European Chemicals Agency, 2012. Opinions of the Committee for Risk Assessment 445 

on proposals for harmonised classification and labelling. 446 

[http://echa.europa.eu/web/guest/opinions-of-the-committee-for-riskassessment-on-447 

proposals-for-harmonised-classification-and-labelling]. 448 

EFSA–European Food Safety Authority, 2008. Perfluorooctane sulfonate (PFOS), 449 

perfluorooctanoic acid (PFOA) and their salts. Scientific Opinion of the Panel on 450 

Contaminants in the Food chain (Question N, EFSA-Q-2004-163), adopted on 21.02.008. 451 

EFSA Journal 653, 1–131. DOI: 10.1100/tsw.2001.342  452 

Fatihah, S., Pramanik, B.K., Shahrom Md, Z., 2009. Contamination, bioaccumulation and 453 

toxic effects of perfluorinated chemicals (PFCs) in the water environment: a review paper. 454 

Water Sci. Technol. 60, 1533–1544. 455 

Ferguson, H.W., 2006. A text and atlas of normal tissues in teleosts and their responses in 456 

disease. Systemic Pathology of Fish. Scotian Press, London. 457 



 20 

Fernández-Sanjuan, M., Meyer, J., Damásio, J., Faria, M., Barata, C., Lacorte, S., 2010. 458 

Screening of perfluorinated chemicals (PFCs) in various aquatic organisms. Analyt. 459 

Bioanalyt. Chem. 398, 1447–1456.  460 

Fossi, M.C., Panti, C., Guerranti, C., Coppola, D., Giannetti, M., Marsili, L., Minutoli, R., 461 

2012. Are baleen whales exposed to the threat of microplastics? A case study of the 462 

Mediterranean fin whale (Balaenoptera physalus). Mar. Pollut. Bull. 64, 2374-2379.  463 

Fromme, H., Otto, T., Pilz, K., Neugebauer, F., 1999. Levels of synthetic musks; 464 

bromocyclene and PCBs in eel (Anguilla anguilla) and PCBs in sediment samples from 465 

some waters of Berlin/Germany. Chemosphere 39, 1723-1735. doi: 10.1016/S0045-466 

6535(99)00066-1 467 

Gatermann, R., Biselli, S., Hühnerfuss, H., Rimkus, G.G., Hecker, M., Karbe, L., 2002. 468 

Synthetic musks in the environment. Part 1: Species-dependent bioaccumulation of 469 

polycyclic and nitro musk fragrances in freshwater fish and mussels. Arch. Environ. 470 

Contam. Toxicol.  42, 437-446.   doi: 10.1007/s00244-001-0041-2 471 

Geeraerts, C., Belpaire, C., 2010. The effects of contaminants in European eel: a review. 472 

Ecotoxicology 19, 239–266. 473 

Giari, L., Manera, M., Simoni, E., Dezfuli, B.S., 2007. Cellular alterations in different organs 474 

of European sea bass Dicentrarchus labrax (L.) exposed to cadmium. Chemosphere 67, 475 

1171–1181. 476 

Giesy, J.P., Kannan, K., Jones P.D., 2001. Global biomonitoring of perfluorinated organics. 477 

Scient. World 1, 627–629. 478 

Greenfield, B.K., Teh, S.J., Ross, J.R.M., Hunt, J., Zhang, G., Davis, J.A., Ichikawa, G., 479 

Crane, D., Hung, S.S.O., Deng, D., Teh, F.-C., Green, P.G., 2008. Contaminant 480 

concentrations and histopathological effects in Sacramento splittail (Pogonichthys 481 

macrolepidotus). Arch. Environ. Contam. Toxicol. 55, 270–281. 482 



 21 

Guerranti, C., Ancora, S., Bianchi, N., Perra, G., Fanello, E.L., Corsolini, S., Fossi, M.C., 483 

Focardi, S.E., 2013a. Perfluorinated compounds in blood of Caretta caretta from the 484 

Mediterranean Sea. Mar. Pollut. Bull. 73, 98-101. 485 

Guerranti, C., Perra, G., Corsolini, S., Focardi, S.E., 2013b. Pilot study on levels of 486 

perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) in selected 487 

foodstuffs and human milk from Italy. Food Chem. 140, 197-203. 488 

Guerranti, C., Sbordoni, I., Fanello, E.L., Borghini, F., Corsi, I., Focardi, S.E., 2013c. Levels 489 

of phthalates in human milk samples from central Italy. Microchem. J. 107, 178-181. 490 

Guerranti, C., Baini, M., Casini, S., Focardi, S.E., Giannetti, M., Mancusi, C., Marsili, L., 491 

Perra, G., Fossi, M.C., in press. Pilot study on levels of chemical contaminants and 492 

porphyrins in Caretta caretta from the Mediterranean Sea. Mar. Environ. Res. 493 

Guo, Y., Kannan, K., 2012. Challenges encountered in the analysis of phthalate esters in 494 

foodstuffs and other biological matrices. Anal Bioanal. Chem. 404, 2539-2554. 495 

Hagenaars, A., Vergauwen, L., Benoot, D., Laukens, K., Knapen, D., 2013. Mechanistic 496 

toxicity study of perfluorooctanoic acid in zebrafish suggests mitochondrial dysfunction to 497 

play a key role in PFOA toxicity. Chemosphere 91, 844–856. doi: 498 

10.1016/j.chemosphere.2013.01.056 499 

Han, J., Fang, Z., 2010. Estrogenic effects, reproductive impairment and developmental 500 

toxicity in ovoviparous swordtail fish (Xiphophorus helleri) exposed to perfluorooctane 501 

sulfonate (PFOS). Aquat. Toxicol. 99, 281–290. doi: 10.1016/j.aquatox.2010.05.010. 502 

Han, X., Snow, T., Kemper, R., Jepson, G., 2003. Binding of perfluorooctanoic acid to rat and 503 

human plasma proteins. Chemic. Res. Toxicol. 16, 775–781. 504 

Hoff, P.T., Van Campenhout, K., Van de Vijver, K., Covaci, A., Bervoets, L., Moens, L., 505 

Huyskens, G., Goemans, G., Belpaire, C., Blust, R., De Coen, W., 2005. Perfluorooctane 506 

sulfonic acid and organohalogen pollutants in liver of three freshwater fish species in 507 



 22 

Flanders (Belgium): relationships with biochemical and organismal effects. Environ. 508 

Pollut.137, 324–333. 509 

Holzer, J., Goen, T., Just, P., Reupert, R., Rauchfuss, K., Kraft, M., Muller, J., Wilhelm, M., 510 

2011. Perfluorinated compounds in fish and blood of anglers at Lake Mohne, Sauerland 511 

Area, Germany. Environ. Sci. Techonol. 45, 8046–8052.  512 

Houde, M., Martin, J., Letcher, R.J., Solomon, K., Muir, D.G., 2006. Biological monitoring of 513 

polyfluoroalkyl substances: a review. Environ. Sci. Technol. 40, 3464–3474. 514 

Houde, M., De Silva, A.O., Muir, D.C.G., Letcher, R.J., 2011. Monitoring of perfluorinated 515 

compounds in aquatic biota: An updated review. Environ. Sci. Technol. 45, 7962-7973. 516 

doi: 10.1021/es104326w 517 

ICES, 2009. Workshop on the age reading of European and American eel (WKAREA), 20–24 518 

April, Bordeaux, France. ICES CM 2009\ACOM: 48. pp. 66. 519 

Jones, P.D., Hu, W.Y., De Coen, W., Newsted, J.L., Giesy, J.P., 2003. Binding of 520 

perfluorinated fatty acids to serum proteins. Environ. Toxicol. Chem. 22, 2639–2649. 521 

Kannan, K., Tao, L., Sinclair, E., Pastva, S.D., Jude, D.J., Giesy, J.P., 2005. Perfluorinated 522 

compounds in aquatic organisms at various trophic levels in a Great Lakes food chain. 523 

Arch. Environ. Contam. Toxicol. 48, 559–566. 524 

Kim, W.-K., Lee, S.-K., Jung, J., 2010. Integrated assessment of biomarker responses in 525 

common carp (Cyprinus carpio) exposed to perfluorinated organic compounds. J. 526 

Hazard. Mat. 180, 395-400. 527 

Kwadijk, C.J.A.F., Korytar, P., Koelmans, A.A., 2010. Distribution of perfluorinated 528 

compounds in aquatic systems in the Netherlands. Environ. Sci. Technol. 44, 3746–3751. 529 

La Rocca, C., Alessi, E., Bergamasco, B., Caserta, D., Ciardo, F., Fanello, E., Focardi, S., 530 

Guerranti, C., Stecca, L., Moscarini, M., Perra, G., Tait, S., Zaghi, C., Mantovani, A., 531 

2012. Exposure and effective dose biomarkers for perfluorooctane sulfonic acid (PFOS) 532 



 23 

and perfluorooctanoic acid (PFOA) in infertile subjects: Preliminary results of the 533 

PREVIENI project. Int. J. Hygiene Environ. Health 215, 206– 211. 534 

doi:10.1016/j.ijheh.2011.10.016 535 

Lindstrom, A.B., Strynar, M.J., Libelo, E.L., 2011. Polyfluorinated compounds: Past, present, 536 

and future. Environ. Sci. Technol. 45, 7954–7961.  537 

Loos, R., Locoro, G., Huber, T., Wollgast, J., Christoph, E.H., de Jager, A., Gawlik, B.M., 538 

Hanke, G., Umlauf, G., Zaldívar, J.-M., 2008. Analysis of perfluorooctanoate (PFOA) and 539 

other perfluorinated compounds (PFCs) in the river Po watershed in N-Italy. Chemosphere 540 

71, 306–313. 541 

Loos R., Gawlik, B.M., Locoro, G., Rimaviciute, E., Contini, S., Bidoglio, G. 2009. EU-wide 542 

survey of polar organic persistent pollutants in European river waters. Environ. Pollut. 157, 543 

561–568. 544 

Martin, J.W., Whittle, D.M., Muir, D.C.G., Mabury, S.A., 2004. Perfluoroalkyl contaminants 545 

in a food web from lake Ontario. Environ. Sci. Technol. 38, 5379–5385. 546 

Nania, V., Pellegrini, G.E., Fabrizi, L., Sesta, G., De Sanctis, P., Lucchetti, D., Di Pasquale, 547 

M., Coni, E., 2009. Monitoring of perfluorinated compounds in edible fish from the 548 

Mediterranean Sea. Food Chem. 115, 951–957. 549 

Orata, F., Quinete, N., Maes, A., Werres, F., Wilken, R-D., 2008. Perfluorooctanoic acid and 550 

perfluorooctane sulfonate in Nile Perch and tilapia from gulf of Lake Victoria. Afric. J. 551 

Pure Appl. Chem 2, 075-079. 552 

Perra, G., Fanello, E., Guerranti, C., Focardi, S.E., Andaloro, F., Romeo, T., 2010. 553 

Preliminary screening of perfluorooctane sulphonate (PFOS) and perfluoroctanic acid 554 

(PFOA) in fish (Serranus cabrilla) from the coast of Sicily (Southern Tyrrhenian Sea). 555 

Biol. Mar. Medit. 17, 128-129. 556 



 24 

Quadroni, S., Galassi, S., Capoccioni, F., Ciccotti, E., Grandi, G., De Leo G.A., Bettinetti, R., 557 

2013. Contamination, parasitism and condition of Anguilla anguilla in three Italian stocks. 558 

Ecotoxicology 22, 94–108. doi: 10.1007/s10646-012-1006-0. 559 

Quinete, N., Wu, Q., Zhang, T., Yun, S.H., Moreira, I., Kannan, K., 2009. Specific profiles of 560 

perfluorinated compounds in surface and drinking waters and accumulation in mussels, 561 

fish, and dolphins from southeastern Brazil. Chemosphere 77, 863-869. 562 

Rumsby, P.C., McLaughlin, C.L., Hall, T., 2009. Perfluorooctane sulphonate and 563 

perfluorooctanoic acid in drinking and environmental waters. Philos. Transact. A Math. 564 

Phys. Eng. Sci. 367, 4119–4136.  565 

Schecter, A., Lorber, M., Guo, Y., Wu, Q., Yun, S.H., Kannan, K., Hommel, M., Imran, N., 566 

Hynan, L.S., Cheng, D., Colacino, J.A., Birnbaum, L.S., 2013. Phthalate Concentrations 567 

and Dietary Exposure from Food Purchased in New York State. Environ. Health Perspect. 568 

121, 473-479. 569 

Schrap, S.M., Pijnenburg, J.A.M.C.M. Geerdink, R.B., 2004. Geperfluoreerde verbindingen 570 

in Nederlands oppervlaktewater, 2004.025; Rijkswaterstaat (RIZA/RIKZ): December 571 

2004; p 40. 572 

Schuetze, A., Heberer, T., Effkemann, S., Juergensen, S., 2010. Occurrence and assessment of 573 

perfluorinated chemicals in wild fish from Northern Germany. Chemosphere 78, 647–652. 574 

Secretariat of the Stockholm Convention, 2011. The new POPs under the Stockholm 575 

Convention: 576 

[http://chm.pops.int/Implementation/NewPOPs/ThenewPOPs/tabid/672/Default.aspx]. 577 

Shi, Y., Wang, J., Pan, Y., Cai, Y., 2012. Tissue distribution of perfluorinated compounds in 578 

farmed freshwater fish and human exposure by consumption. Environ. Toxicol. Chem. 579 

31:717−723. 580 



 25 

Stevens, A., Lowe, J.S., Young, B., 2002. Wheater's Basic Histopathology, 4th Edition - A 581 

color atlas and text. Churchill Livingstone, Elsevier Science, London.  582 

Suja, F., Pramanik, B.K., Zain, S.M., 2009. Contamination, bioaccumulation and toxic effects 583 

of perfluorinated chemicals (PFCs) in the water environment: a review paper. Water Sci. 584 

Technol.60, 1533–1544. 585 

Sumi, M., Kawashima, Y., Fukumaki, T., Ishibashi, H., Arizono, K., Iguchi, T., Shimizu, M., 586 

2007. Comparison of serum vitellogenin, steroid hormone, gonad histopathology and 587 

bioaccumulation in common carp (Cyprinus carpio) of two rivers and a lake in Japan: 588 

potential for endocrine disruption. Environ Sci. 14, 41–54. 589 

Tanna, R.N., Tetreault, G.R., Bennett, C.J., Smith, B.M., Bragg, L.M., Oakes, K.D., 590 

McMaster, M.E., Servos, M.R., 2013. Occurrence and degree of intersex (testis-ova) in 591 

darters (Etheostoma SPP.) across an urban gradient in the Grand River, Ontario, Canada. 592 

Environ. Toxicol. Chem. 32, 1981-1991. doi: 10.1002/etc.2262. 593 

US EPA - United States. Environmental Protection Agency, 2006. Histopathology guidelines 594 

for the Fathead minnow (Pimephales promelas) 21-day reproduction assay. 53 p. 595 

Valsecchi, S., 2013. La contaminazione da PFAS nel bacino del fiume Po. Meeting “I 596 

composti perfluoroalchilici (PFAS) nelle acque italiane: distribuzione e rischi”. October 597 

22, 2013, Milan, Italy. http://www.irsa.cnr.it/Docs/Archivio/PFAS/6_Valsecchi_PFAS.pdf 598 

Viganò, L., Mandich, A., Benfenati, E., Bertolotti, R., Bottero, S., Porazzi, E., Agradi, E., 599 

2006. Investigating the estrogenic risk along the River Po and its intermediate section. 600 

Arch. Environ. Contam. Toxicol. 51, 641-651. doi: 10.1007/s00244-005-0129-1 601 

Wei, Y., Dai, J., Liu, M., Wang, J., Xu, M., Zha, J., Wang, Z., 2007. Estrogen-like properties 602 

of perfluorooctanoic acid as revealed by expressing hepatic estrogen-responsive genes in 603 

rare minnows (Gobiocypris rarus). Environ. Toxicol. Chem. 26, 2440–2447. 604 

http://www.medicalinformation.it/ecommerce/catalogsearch/advanced/result/?author=Stevens%20&%20Lowe
http://www.irsa.cnr.it/Docs/Archivio/PFAS/6_Valsecchi_PFAS.pdf


 26 

White, S.S., Fenton, S.E., Hines, E.P., 2011. Endocrine disrupting properties of 605 

perfluorooctanoic acid. J. Steroid Biochem. 127, 16–26.  606 

Wolf, D.C., Moore, T., Abbot, B.D., Rosen, M.B., Das, K.D., Zehr, R.D., Lindstrom, A.B., 607 

Strynar, M.J., Lau, C., 2008. Comparative hepatic effects of perfluorooctanoic acid and 608 

WY 14,643 in PPAR-α knockout and wild-type mice. Toxicol. Pathol. 36, 632–639. doi: 609 

10.1177/0192623308318216 610 

Ye, X., Schoenfuss, H.L., Jahns, N.D., Delinsky, A.D., Strynar, M.J., Varns, J., Nakayama, 611 

S.F., Helfant, L., Lindstrom, A.B., 2008a. Perfluorinated compounds in common carp 612 

(Cyprinus carpio) fillets from the Upper Mississippi River. Environ. Int. 34, 932–938. 613 

doi:10.1016/j.envint.2008.02.003 614 

Ye, X., Strynar, M.J., Nakayama, S.F., Varns, J., Helfant, L., Lazorchak, J., Lindstrom, A.B. , 615 

2008b. Perfluorinated compounds in whole fish homogenates from the Ohio, Missouri, and 616 

Upper Mississippi Rivers, USA. Environ. Pollut. 156. 1227–1232. doi: 617 

10.1016/j.envpol.2008.03.014 618 



Table 1. PFOS concentrations (ng g-1 wet weight) detected in eels samples. 

 

a number of fish samples analyzed 
b number of fish samples with concentration above LOD (LOD = 0.4 ng g-1) 
c for samples under LOD, half of LOD was assigned for the calculation of median, mean and standard 

deviation (SD) 
d all eels from Comacchio Lagoon and Po River together 

 

  

Location Tissue/Organ Na N > LODb Min Max Medianc Meanc ± SD 

Comacchio 

Lagoon 

blood 13 13 1.30 4.73 3.19 3.14 ± 1.03 

kidney 9 9 1.03 2.75 1.94 1.93 ± 0.54 

liver 16 13 <0.4 3.72 1.81 1.73 ± 1.01 

gonad 16 12 <0.4 3.15 1.07 1.28 ± 0.98 

muscle 16 13 <0.4 2.47 1.07 1.10 ± 0.60 

Po River 

blood 13 13 1.47 6.28 3.18 3.10 ± 1.40 

kidney 7 7 0.99 2.75 1.97 1.82 ± 0.58 

liver 19 13 <0.4 4.29 1.53 1.76 ± 1.32 

gonad 18 8 <0.4 2.76 0.30 0.82 ± 0.76 

muscle 19 10 <0.4 1.39 0.77 0.72 ± 0.51 

Totald 

blood 26 26 1.30 6.28 3.19 3.12 ± 1.20 

kidney 16 16 0.99 2.75 1.96 1.88 ± 0.54 

liver 35 26 <0.4 4.29 1.70 1.75 ± 1.17 

gonad 34 20 <0.4 3.15 1.05 1.04 ± 0.89 

muscle 35 23 <0.4 2.47 1.01 0.89 ± 0.58 



Table 2. PFOA concentrations (ng g-1 wet weight)  detected in eels samples. 

 

a number of fish samples analyzed 
b number of fish samples with concentration above LOD (LOD = ng g-1) 
c concentrations under LOD were given as half of LOD for the calculation of median, mean and standard 

deviation (SD) 
d all eels from Comacchio Lagoon and Po River together 

Location Tissue/Organ Na N > LODb Min Max Medianc Meanc ± SD 

Comacchio 

Lagoon 

blood 13 7 <0.4 68.16 0.59 12.62 ± 21.39 

kidney 9 4 <0.4 49.37 0.20 15.01 ± 19.02 

liver 16 4 <0.4 27.33 0.20 5.08 ± 9.24 

gonad 16 4 <0.4 92.77 0.20 7.51 ± 22.99 

muscle 16 4 <0.4 24.71 0.20 3.55 ± 7.47 

Po River 

blood 13 7 <0.4 89.19 0.52 15.17 ± 26.81 

kidney 7 1 <0.4 69.33 0.20 10.08 ± 26.13 

liver 19 6 <0.4 84.63 0.20 9.12 ± 20.99 

gonad 18 6 <0.4 78.25 0.20 10.32 ± 23.10 

muscle 19 2 <0.4 12.76 0.20 0.90 ± 2.88 

Totald 

blood 26 14 <0.4 89.19 0.54 13.90 ± 23.79 

kidney 16 5 <0.4 69.33 0.20 12.85 ± 21.73 

liver 35 10 <0.4 84.63 0.20 7.27 ± 16.58 

gonad 34 10 <0.4 92.77 0.20 8.99 ± 22.74 

muscle 35 6 <0.4 24.71 0.20 2.11 ± 5.55 



Supporting information 

Table S1. Features of the two sample locations and corresponding eels data. 

 Comacchio Lagoon Po River (Berra) 

Latitude 44°39'37.12"N 44°59'10.87"N 

Longitude 12°11'7.45"E 11°58'4.04"E 

Salinity 22-39 0.1-0.3 

Winter water temperature °C 0.5-11.5 4.8-6.2 

Summer water temperature °C 23.8-30.6 26.5-28.4 

Sample size 16 19 

LT in cm; mean ± SD (range) 64.66 ± 5.90 (53-75) 58.32 ± 7.29  (49-75) 

Body wet weight in g; mean ± SD (range) 571.19 ± 173.30 (320-885) 317.00 ± 161.31 (161-745) 

Age in years; mean ± SD (range) 5.44 ± 1.03 (4-7) 6.31 ±1.14 (4-8) 

CF; mean ± SD (range) 0.21 ± 0.03 (0.16-0.25) 0.15 ± 0.03 (0.10-0.20) 

HSI;  mean ± SD (range) 1.90 ± 0.46 (1.38-2.85) 1.04 ± 0.22 (0.51-1.46) 

GSI; mean ± SD (range) 0.84 ± 0.19 (0.58-1.19) 0.75 ± 0.27 (0.29-1.19) 

 

CF (condition factor) = body weight (g)/ TL(cm)3 x 100 

HSI (hepato-somatic index) = liver weight (g)/ body weight (g) x 100  

GSI (gonado-somatic index) = gonad weight (g)/ body weight (g) x 100 



Table S2. Contamination levels by phtalates (DEHP, MEHP) measured in blood and by alkylphenols (pNP, NP1EO, NP2EO, NP3EO) and synthetic 

musks (MX, MK, HHCB, AHTN) measured in muscle of 35 examined eels. 

 DEHP MEHP pNP NP1EO NP2EO NP3EO MX MK HHCB AHTN 

LOD (ng ml-1 ww) 10 2 1 5 5 5 1 1 1 1 

Values < LOD (%) 60 25 63 100 100 100 73 100 73 89 

Range values > LOD 10.23-11.73 2.07-3.28 1.29-3.53 - - - 1.20-2.96 - 1.09-2.76 2.01-2.64 
 

DEHP = di-2-ethylhexyl phthalate; MEHP = mono-2- ethylhexyl phthalate; pNP = 4-para nonylphenol; NP1EO = 4-nonylphenol monoethoxylates; NP2EO = 4-

nonylphenol diethoxylates; NP3EO = 4-nonylphenol triethoxylates; MX = musk xylene; MK = musk ketone; HHCB = Galaxolide; AHTN = Tonalide   

 



Table S3. Vacuolation severity scores of hepatocytes in the examined eels according to the PFOA accumulation in liver 

Score No. eels with liver PFOA ≤ LOD No. eels with liver PFOA > LOD 

0 9 0 

1 10 0 

2 5 3 

3 1 4 

4 0 3 
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Figure legends Supplementary figures 1 

 2 

Fig. S1. Histological sections of European eel ovaries. (a) Fully differentiated gonad: Ovarian 3 

lamellae (arrows) regularly arranged and rich in oocytes. H&E, bar = 200 μm. (b) High 4 

magnification of oocytes at early vitellogenic stage. Nucleoli (arrowheads) at the periphery of 5 

the nucleus (N) and a few small lipid vesicles (arrows) in the cytoplasm can be seen. H&E, 6 

bar =  20 μm. (c) Micrograph of uncontaminated gonad (PFOS and PFOA < LOD): Ovarian 7 

tissue appeared normal, with previtellogenic or early vitellogenic oocytes (arrows) amid fat 8 

(F). H&E, bar =  50 μm. (d) Ovary with the highest level of PFOA residue (93 ng g-1) showing 9 

normal oocytes (arrows) in previtellogenic or early vitellogenic stage. F = fat. H&E, bar =  50 10 

μm. 11 

 12 

Fig. S2. Histological sections of European eel liver. (a) Normal parenchyma and hepatocytes 13 

without vacuolation in an eel from Po River with hepatic PFAS concentration under the LOD. 14 

H&E, bar =  50 μm (b) Macrophage aggregates (arrowheads) and vacuolated hepatocytes in 15 

liver with high PFOA concentration (85 ng g-1). H&E, bar = 50 μm. (c) Isolated hepatocytes 16 

displaying high cytoplasmic vacuolation (arrows) and one MA (arrowhead). H&E, bar =  20 17 

μm. 18 
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