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Abstract 18 

Perfluorooctanoic acid (PFOA) is an important and diffuse perfluorinated alkylated substance, but 19 

knowledge of the toxicological effects of this endocrine disrupter in fish is limited. Adult common carp Cyprinus 20 

carpio, L. were exposed to 200 ng/l (a concentration reported in impacted aquatic ecosystems) and 2 mg/l PFOA 21 

solutions in a flow-through system for 56 days to determine tissue accumulation and histological alterations of 22 

the primary target organs. PFOA was extracted from blood, gill, liver, muscle, kidney, gonad, and brain by an 23 

ion-pairing liquid extraction procedure and quantified using high performance liquid chromatography with 24 

electrospray ionization tandem mass spectrometry. The limit of detection (LOD) was 0.4 ng/g wet weight (ww). 25 

PFOA was not detectable in unexposed fish or in fish exposed to 200 ng/l, but was >LOD in most samples of 26 

carp exposed to 2 mg/l. Mean PFOA concentration ranged from 0.5 to 65 ng/g ww, depending on the tissue, with 27 

highest levels in blood and liver. There were no significant differences in condition factor, hepato-somatic index, 28 

or gonado-somatic index among the fish of the three groups. Histological, histochemical, and 29 

immunohistochemical staining was performed on sections of liver and gonad. Occurrence of atretic oocytes and 30 

a paucity of spermatozoa were documented in carp treated with 2 mg/l PFOA. Exposed fish did not show gross 31 

hepatic anomalies, but there was enhancement of hepatocytes in proliferation (positive to anti-PCNA antibody) 32 

compared to controls.  33 

 34 

Keywords: perfluorinated alkylated substances; endocrine disruptors, bioaccumulation, hepatocyte proliferation, 35 

oocyte atresia; spermatozoa suppression 36 



 3 

Introduction 37 

Since fish are common components of aquatic ecosystems and an important human food source (Nania et 38 

al. 2009), knowledge of tissue accumulation and consequences of their exposure to emergent pollutants such as 39 

perfluorooctanoic acid (PFOA) is essential to understanding the potential risks for the environment, wildlife, and 40 

human health. 41 

PFOA has the chemical formula CF3(CF2)6COOH and belongs to perfluorinated alkylated substances 42 

(PFAS), a class of organic contaminants of global concern (EFSA 2008; Suja et al. 2009; Lindstrom et al. 2011; 43 

Post et al. 2012). Due to their stability and resistance to degradation, PFAS have been, and are currently, used in 44 

a wide range of applications (Prevedouros et al. 2006; Suja et al. 2009; Ahrens and Bundschuh 2014). In 45 

particular, PFOA is employed as an adjuvant/emulsifier in the production of fluoropolymers such as 46 

polytetrafluoroethylene and Teflon for coatings on cooking pans and surfactants in aqueous film-forming foams 47 

(AFFFs) and personal care products such as soap and shampoos (Prevedouros et al. 2006; Davis et al. 2007; Suja 48 

et al. 2009; Post et al. 2012). PFOA and other PFAS are widely diffused and persistent in the environment and in 49 

living organisms (EFSA 2008; Houde et al. 2011; Ahrens and Bundschuh 2014). PFOA has been found in 50 

relatively high concentrations in rivers in the USA (Hansen et al. 2002; Davis et al. 2007) and in Europe (Loos et 51 

al. 2009). The Po River in Northern Italy was identified as the dominant source of PFOA on the European 52 

continent (McLachlan et al. 2007; Loos et al. 2008).  53 

PFOA has carcinogenic (ECHA 2012) and endocrine disrupting properties (White et al. 2011). PFOA’s 54 

estrogen-like activity has been documented in rare minnow Gobiocypris rarus and rainbow trout Oncorhynchus 55 

mykiss (Wei et al. 2007, 2008; Tilton et al. 2008; Benninghoff et al. 2011). The present research used the 56 

common carp Cyprinus carpio L. as an animal model. Data on PFAS in carp are available from both field (Ye et 57 

al. 2008a, b) and experimental studies (Kim et al. 2010; Inoue et al. 2012). 58 

Histology of model fish species has proven useful in many areas of toxicology, including the study of 59 

endocrine disruptors (ED) (Wester et al. 2002; Leino et al. 2005). In particular, fish gonad histology is pivotal in 60 

understanding the estrogenic contaminant effects (Sumi et al. 2007; Tanna et al. 2013). Histopathological 61 

changes do not appear as early as, and are less sensitive than, biochemical or genome level markers but have a 62 

greater ecological relevance compared to other biomarker responses at lower levels of organization (van der Oost 63 

et al. 2003).  64 

The primary goal of this study was to contribute to the knowledge of accumulation, tissue distribution, and 65 

toxicological effects of PFOA. Accumulation and impact of PFOA on fish tissues was examined following sub-66 

chronic exposure (56 days) at 200 ng/l, a level found in impacted aquatic ecosystems and thus of environmental 67 

relevance, and at 2 mg/l, for comparison with published experimental data.  68 

 69 

Materials and Methods 70 

Fish and exposure test 71 

Thirty-one two-year-old common carp Cyprinus carpio L. were purchased from a local fish farm in 72 

September 2012 and acclimated according to the OECD (1996) test guidelines 305. Four weeks prior to the start 73 

of the experiment, fish were transferred into the test tanks to adapt to the exposure environmental conditions. 74 

The fish were fed pelleted feed three times per week with feeding stopped two days before fish were killed. 75 
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Feeding was carried out manually to ensure rapid and complete consumption. Uneaten feed and feces were 76 

removed from the tank to minimize PFOA sequestration by these organic substances.  77 

Fish were placed into each of three 120 l glass aquaria filled with tap water, with a continuous supply of 78 

fresh water provided at a flow-through rate of 500 ml/min. Stock solutions of PFOA were continuously 79 

dispensed and diluted to deliver the tested concentrations to the tanks over a period of 56 days. Exposures were 80 

conducted at 200 ng/l (n=10) and 2 mg/l (n=11), levels based on environmental reports (Loos et al. 2008, 2009) 81 

and on reported experimental data, respectively (Oakes et al. 2004; Wei et al. 2007). A control group of 10 carp 82 

were held in tap water only. The stock solutions were prepared by dissolving perfluorooctanoic acid (PFOA 83 

standard, chemical purity 96%, Sigma-Aldrich) in distilled water and delivered into the treatments tanks by a 84 

peristaltic pump at a flow rate of 0.42 ml/min. At time 0 of exposure, an initial volume of the stock solution was 85 

added to the treatments tanks to immediately achieve the desired exposure concentration. Water parameters were 86 

monitored and recorded three times weekly for temperature (10-15 °C), pH (6.70-8.00), and oxygen saturation 87 

(>80%). PFOA concentration in the test water from each test tank was measured by liquid chromatography-mass 88 

spectrometry three times during the exposure period. The results of these analyses indicate that PFOA 89 

concentration was maintained at >80% of each nominal concentration. 90 

At the end of the 56 day exposure, the fish were anesthetized with MS-222, killed by a deep cut through the 91 

neck, and dissected. Sex was recorded, and animals were measured for total length (TL), body wet weight, and 92 

liver and gonad weight. Condition factor (K), hepato-somatic index (HSI) and gonado-somatic index were 93 

calculated respectively according to the following formulae: 94 

K = body weight (g)/TL(cm)3 x 100 95 

HSI = liver weight (g)/body weight (g) x 100  96 

GSI = gonad weight (g)/body weight (g) x 100 97 

Samples of whole blood, gill, liver, skinned white muscle, kidney, gonad, and brain were flash-frozen and 98 

stored at -20 °C until processing for PFOA analysis.  99 

 100 

Histology 101 

Fragments of liver and gonad were fixed in 10% neutral buffered formalin for 24 h and subsequently stored 102 

in 70% ethanol processing for histology. The fixed tissues were dehydrated through an alcohol series and 103 

paraffin wax embedded using a Shandon Citadel 2000 Tissue Processor. Five µm sections were cut from each 104 

tissue block, stained with hematoxylin and eosin (H&E) and/or Alcian blue 8 GX, pH 2.5, combined with 105 

periodic acid Schiff’s reagent (AB/PAS).  106 

Histological sections of liver were subjected to indirect immunohistochemistry (peroxidase-anti-peroxidase 107 

immunocomplex) using a commercially available antibody anti-PCNA (PC10 sc-56 mouse monoclonal 108 

antibody, Santa Cruz Biotechonology, Inc.). The method followed was reported in Dezfuli et al. (2012). For each 109 

fish, the ratio of PCNA positive nuclei was determined by scoring 1,000 hepatocytes per individual in 2 110 

randomly selected fields examined via light microscopy at × 400 magnification using computerized image 111 

analyzer software (Nis Elements AR 3.0).  112 

Sections were examined by light microscopy using a Nikon Microscope ECLIPSE 80i, without knowledge 113 

of experimental group. 114 

 115 



 5 

Analysis of PFOA in tissue 116 

Concentrations of PFOA in whole blood, gill, liver, kidney, gonad, muscle, and brain were analyzed to 117 

determine the accumulation and distribution patterns after 56 days of waterborne exposure. PFOA was extracted 118 

using an ion-pairing extraction procedure and measured using high performance liquid chromatography with 119 

electrospray ionization tandem mass spectrometry. The method used was detailed in Guerranti et al. (2013) and 120 

Giari et al. (2015).  121 

 122 

Quality assurance and Quality control (QA/QC) of PFOA determination 123 

Laboratories complied with ISO 9001:2000 and ISO 14001 standards for ecotoxicological analysis. Chemicals 124 

and reagents were analytical grade, and Teflon coated labware were avoided during the whole process of 125 

sampling, pre-treatment and analysis to minimize contamination of the samples. Data quality assurance and 126 

quality control protocols included matrix spikes, laboratory blanks, and continuing calibration verification. 127 

Blanks were analysed with each set of five tissue samples as a check for possible laboratory contamination and 128 

interferences; recoveries, assessed using spiked matrix with a concentration of 5 ng/g of the analyte, were over 129 

93% in blood, and over 89% in tissues. LOD, determined as three times the signal-to-noise (S/N) ratio, was 0.4 130 

ng/g wet weight (ww).  131 

 132 

Statistics 133 

The statistical package Statistica v 7.1 (StatSoft Inc., Tulsa, OK) was used to analyze data, with significance 134 

set at p < 0.05. The mean, standard deviation, and range were determined for PFOA in tissues/organs of each 135 

carp from the three experimental groups. To allow inclusion of all samples in the statistical analyses, those in 136 

which PFOA was not detected were assigned a value of one-half the LOD of 0.4 ng/g ww.  137 

The Shapiro–Wilk’s and Levene’s Tests were used to check the normality and the homogeneity of variance 138 

of the data. Kruskal–Wallis test was applied to assess difference in tissue PFOA concentrations among the three 139 

experimental groups. One-way analysis of variance (ANOVA) was used to compare K, HSI, and GSI among 140 

treatment groups. The number of PCNA positive hepatocytes (comparing unexposed vs. exposed, unexposed vs. 141 

200 ng/l; unexposed vs. 2 mg/l, 200 ng/l vs. to 2 mg/l) and PFOA concentration in tissue/organs were assessed 142 

by contrast analysis. Correlation of the measured PFOA with fish size was evaluated using the Pearson 143 

coefficient. 144 

 145 

Results 146 

No mortality was observed during the acclimation or test in either control or treatment fish. In each group of 147 

carp the sex ratio was approximately 1:1 (unexposed 5♀:5♂; 200 ng/l 4♀:6♂; 2 mg/l 6♀:5♂).  Following 56 day 148 

exposure, no significant differences were observed in K, HSI, or GSI (compared between sexes), among the 149 

three groups (Table 1). 150 

 151 

Analysis of PFOA in tissues 152 

In unexposed carp and in carp exposed to 200 ng/l PFOA, tissue concentrations were below the LOD and 153 

were significantly lower than those in carp exposed to 2 mg/l in all examined tissues (Kruskal Wallis, p < 0.05). 154 

In fish treated with 2 mg/l, all samples, with the exception of some brain tissue, showed detectable PFOA. Mean 155 
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concentrations ranged from 0.45 to 64.87 ng/g ww, with organs exhibiting differing capacities for accumulating 156 

PFOA (Table 2). The mean PFOA level was highest in blood, followed by liver and then, muscle, gill, gonad, 157 

kidney, and finally brain (Table 2). The mean PFOA concentration in blood was significantly higher than that in 158 

the other organs examined (ANOVA, p < 0.05). PFOA levels in muscle, gill, gonad, kidney, and brain showed 159 

no significant differences (ANOVA, p > 0.05), and all were lower than that in liver (ANOVA, p < 0.05).  160 

There were no significant differences in mean tissue PFOA concentrations between the sexes in any 161 

tissues/organs (t test, p > 0.05), with the exception of kidney, which exhibited higher level in females (t test, p < 162 

0.05). No significant correlations were found between PFOA concentration in organs and total length or weight 163 

(Pearson correlation, p > 0.05) of carp. 164 

 165 

Histology 166 

Histological examination of the ovaries revealed the pre-vitellogenic oocytes to be dominant. Oocytes were 167 

characterized by homogenous eosinophilic cytoplasm and numerous nucleoli at the periphery of an enlarged 168 

nucleus (Fig. 1a,b). Oogonia were present and, in many ovaries, the adipose component of the organ was 169 

abundant (Fig. 1a,c). In the testes, seminiferous tubules showed reproductive cells at various stages of the 170 

spermatogenic cycle: spermatogonia, spermatocytes, spermatids, and spermatozoa (Fig. 2a, b, c). Ovaries and 171 

testes in both controls and carp exposed to 200 ng/l PFOA appeared normal (Figs. 1a, b and 2b, c), while 172 

pathological changes were found in the gonads of carp treated with 2 mg/l PFOA. Females exposed to 2 mg/l had 173 

an elevated incidence of degenerating oocytes (atresia) characterized by disorganization of the ooplasm (Fig. 1d, 174 

e). In males exposed to 2 mg/l PFOA, spermatogonia and spermatocytes were the dominant germ cells with no or 175 

rare spermatids and spermatozoa, suggesting a possible delay of spermatogenesis (Fig. 2d). In some cases, an 176 

increased amount of interstitial tissue and proliferation of Sertoli cells in the testes was observed in fish exposed 177 

to the highest concentration compared to other two groups (Fig. 2d). No occurrences of macrophage aggregates 178 

(MA) or intersex were observed in gonad tissues of any carp.  179 

The hepatic sections of exposed carp appeared similar to those of the control, with no evidence of 180 

degeneration. In all groups, the hepatocyte cytoplasm was vacuolated with a foamy appearance (Fig. 3a, b, c). 181 

Glycogen deposits, revealed by PAS staining, were present in both control and treated fish (Fig. 3d, e). In liver 182 

of fish exposed to PFOA there was a significantly higher number of hepatocytes immunoreactive to PCNA (i.e. 183 

in proliferation) compared to that of controls (ANOVA, p < 0.05; Fig. 3f, g). The PCNA-positive hepatocytes 184 

were more abundant in carp exposed to 2 mg/l PFOA than in unexposed carp (ANOVA, p < 0.05; Fig. 3f, g), 185 

while there was no significant difference between carp treated with 200 ng/l and control (ANOVA, p > 0.05) or 186 

between carp exposed to 200 ng/l and those exposed to 2 mg/l (ANOVA, p > 0.05). 187 

 188 

Discussion 189 

PFAS are ubiquitous pollutants of waters worldwide (Falk et al. 2014). Together with perfluorooctane 190 

sulfonate (PFOS), PFOA is one of the primary PFAS found as residues in the environment (Giesy et al. 2001). 191 

Several field and laboratory studies on vertebrates have identified blood, liver, and kidney as key sites of PFAS 192 

accumulation (Ahrens et al. 2009; Yoo et al. 2009; Peng et al. 2010; Ng and Hungerbuhler 2013; Falk et al. 193 

2014). Our results showed marked differences in PFOA bioaccumulation among the tissues/organs, with high 194 

hematic and hepatic levels. Due to PFAS affinity to specific proteins, including serum albumin (Han et al. 2003; 195 
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Jones et al. 2003), PFOA accumulates particularly in plasma and in highly vascularized areas such as liver 196 

(Martin et al. 2003a, b; Ng and Hungerbuhler 2013; Consoer et al. 2014). PFAS in the liver also bind to fatty-197 

acid binding protein (Ng and Hungerbuhler 2013). The gonad is a main target organ of PFOA, which is known 198 

to exert estrogenic effects; however research quantifying PFOA in ovaries and testes of experimentally exposed 199 

fish is scarce (Martin et al. 2003a; Lee and Schultz 2010). In rainbow trout after 12 days aqueous exposure, 200 

PFOA concentrations were highest in blood > kidney > liver > gall bladder and lowest in gonads > muscle > gill 201 

> adipose tissue (Lee and Schultz 2010). Martin et al. (2003a, b) and Consoer et al. (2014), conducting 202 

waterborne, dietary, and intra-arterial injection exposure tests, demonstrated that PFOA has little affinity for fish 203 

muscle. Our results on tissue distribution in carp after 56 days of waterborne exposure confirm that gonad and 204 

muscle are not key organs for PFOA accumulation, exhibiting mean concentrations markedly lower than those 205 

found in blood and liver.  206 

Sex differences in concentration profiles, with higher PFOA levels in males than in females, have been 207 

observed in fathead minnows Pimephales promelas and zebrafish Danio rerio (Lee and Schultz 2010; Hagenaars 208 

et al. 2013). Sex differences are associated with different excretion rates (females eliminate PFOA more rapidly 209 

than males) and have also been reported in rats (Kudo et al. 2002; Vandel Heuven et al. 2006). Results of the 210 

present study did not agree with these data; male and female carp showed similar levels of accumulation in most 211 

organs. It is reasonable that not all animals will exhibit sex differences in PFOA elimination (Lee and Schultz 212 

2010). Besides gender, numerous other factors including age and size, reproductive stage, diet, type of organisms 213 

(water-breathing or air-breathing; poikilotherms or homeotherms) could affect the PFOA accumulation pattern 214 

(Sijm and van der Linde 1995; Martin et al. 2003b, 2004; Ye et al. 2008). The data reported here on distribution 215 

and concentration of PFOA in tissues refer to two-year-old carp and extrapolation to other fish species or even to 216 

smaller (juveniles) or larger size carp should be exercised with caution.  Indeed Hoff et al. (2005) and Ye et al. 217 

(2008a) noted the lack of correlation of perfluoroalckyl acids concentration with weight in Cyprinus carpio. 218 

The absence of significant differences in K, HSI, and GSI between unexposed and exposed carp suggests 219 

that the PFOA concentrations and duration of exposure used in this study did not affect overall fish health and 220 

the mass of liver or gonad. Similar findings were reported by Yang (2010) in male Japanese medaka Oryzias 221 

latipes exposed to 10, 50, 100 mg/l PFOA for 7 days. No significant change of HSI was found in common carp 222 

after 4 days of exposure to PFOA and PFOS (Kim et al. 2010) or in rainbow trout exposed 12 days to 223 

perfluorinated acids (Martin et al. 2003a), suggesting that these treatments did not cause hepatomegaly. 224 

Swordtail fish Xiphophorus helleri exposed to PFOS had similar K values but increased HSI in both sexes and 225 

lower GSI in females, compared to controls (Han and Fang 2010). HSI and GSI increased in rats following 28 226 

days administration of PFOS or PFOA (Cui et al. 2009). Although liver and gonad indices did not show gross 227 

alteration in either group of PFOA-exposed carp, histological changes were observed.  228 

Since several chemicals, including PFAS, may act as EDs, there is interest in assessing fish reproductive 229 

health, and evaluation is frequently based on gonad histology (Blazer 2002). Information on the histological 230 

effects of PFOA in fish gonads is limited, and most studies have involved exposure to water concentration many 231 

times the highest environmental PFOA. The gonads of carp exposed 56 days to 200 ng/l PFOA in this study 232 

appeared normal, suggesting a lack of reproductive impairment at the histological level. This is in agreement 233 

with results of Hagenaars et al. (2013), who reported no effects on reproduction in zebrafish exposed to 0.1, 0.5, 234 

or 1 mg/l PFOA for one month. No histological alterations were documented in gonads of female eels Anguilla 235 
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anguilla inhabiting the Po River and naturally exposed to PFOA (Giari et al. 2015). In female rare minnows 236 

exposed for 28 days to 3, 10, and 30 mg/l PFOA, ovaries underwent atresia of vitellogenic oocytes, and, in some 237 

males treated at 10 and 30 mg/l, occurrence of testes/ova and reduced numbers of sperm cells were observed 238 

(Wei et al. 2007). In the present study, atretic oocytes and a paucity of spermatozoa were observed in carp 239 

exposed to a similar PFOA concentration (2 mg/l). In sexually mature fathead minnows exposed to 0.3 and 1 240 

mg/l PFOS for 21 days, an elevated incidence of atretic follicles and occurrence of more and/or larger MAs 241 

compared to controls were observed (Ankley et al. 2005). Atresia of vitellogenic oocytes is a degenerative and 242 

resorptive process that is a natural physiological process, but increased atresia, especially of pre-vitellogenic 243 

oocytes, can indicate a pathological condition linked to exposure to contaminants (Blazer 2002). Altered sexual 244 

maturation and gamete production, such as disproportional distribution of germ cell types with proliferation or 245 

absence of a single cell population, might be a result of endocrine disruption. Delayed spermatogenesis has been 246 

reported in fish affected by estrogenic exposure in fresh waters (Jobling et al. 2002; Bjerregaard et al. 2006). 247 

The liver is frequently examined in ecotoxicology studies due to its high sensitivity to contaminants, and 248 

because alterations to its structure can be significant in fish health (Myers et al. 1998; Tophon et al. 2004). 249 

Studies on mammals have identified the liver as the primary target organ of both acute and chronic exposure to 250 

PFAS (Seacat et al. 2003; Cui et al. 2009). Hepatic effects of PFOA are well documented in rodents and 251 

comprise cellular hypertrophy, changes in enzyme activity, liver weight increase, hypolipidemia, and 252 

peroxisome and smooth endoplasmic reticulum proliferation (EFSA 2008). There are less available data on liver 253 

toxicity in fish, with studies reporting different results depending on studied species and focused on enzyme 254 

activity and gene expression perturbations (Oakes et al. 2004; Liu et al. 2007, 2009; Yang et al. 2010). Contrary 255 

to the present results, depletion of liver glycogen was documented in zebrafish exposed to 0.1, 0.5 and 1 mg/l 256 

PFOA for 4 and 28 days (Hagenaars et al. 2013). Recent investigations on fish and mouse models suggest that 257 

PFOA affects the metabolism of carbohydrates and lipids by altering the gene expression of proteins involved in 258 

their biosynthesis and transport (Wei et al. 2008b; Fang et al. 2010; Haagenars et al. 2013; Zhang et al. 2014; 259 

Yan et al. 2015). Specimens of rare minnows exposed to PFOA showed significant changes in the expression of 260 

apolipoprotein genes, genes involved in fatty acid biosynthesis and transport, and genes associated with transport 261 

of cholesterol (Wei et al. 2008b; Fang et al. 2010). These modifications may influence lipid metabolism and 262 

related fish physiological functions, including reproduction. Indeed, PFOA can induce testis dysfunction in 263 

mouse by modifying steroidogenic gene expression levels (Zhang et al. 2014) and it is presumable that in fish a 264 

similar molecular mechanism may also contribute to the reproductive toxicity of PFOA. 265 

A number of experimental studies have examined the relationship between PCNA expression and exposure 266 

to toxicants in fish, with particular attention to liver (Ortego et al. 1995; Blas-Machado et al. 2000; Kong et al. 267 

2008). Altered expression of PCNA, a 36 kd protein directly involved in DNA synthesis, can be detectable 268 

through immunohistochemical techniques, and can serve in toxicity bioassays as a warning of changes in cell 269 

proliferation (Ortego et al. 1994, 1995). Our immunohistochemical results demonstrated a significantly higher 270 

number of PCNA-positive hepatocytes in the liver of carp exposed to PFOA than in unexposed specimens. An 271 

enhanced expression of PCNA is widely accepted as a marker associated with the development of neoplastic 272 

tissue (Ortego et al. 1994; Haramis et al. 2006). The increase in hepatocyte proliferation reported here indicates a 273 

deviation from normal function that may be elicited by PFOA exposure. PFOA is known to promote hepatic 274 
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tumors in mammals and fish via peroxisome proliferation or through mechanisms involving estrogenic signals 275 

(Abdellatif et al. 1991; EFSA 2008; Tilton et al. 2008; Yang et al. 2010).  276 

 277 

Conclusions 278 

There was a clear difference in the concentrations of PFOA among organs and experimental groups. Carp 279 

exposed to 200 ng/l, a concentration possible in the field, exhibited PFOA levels similar to control fish and 280 

significantly lower than those exposed to 2 mg/l. Fish exposed to 2 mg/l PFOA, well above reported 281 

environmental levels, responded with signs of alteration in liver and gonads. Based on the species/endpoint 282 

evaluated, the lowest PFOA concentration used would not appear to represent potential risk to fish fecundity. 283 

Carp of this age and at this reproductive stage appeared to tolerate exposure to 200 ng/l  PFOA over the two-284 

month experimental period. However, effects at the molecular/transcriptional level, which responds more 285 

rapidly, and the responses to chronic exposure have yet to be explored.  286 
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Figure legends  481 

 482 

Fig. 1. Histological sections of carp ovaries stained with H&E. (a) Numerous pre-vitellogenic oocytes 483 

(arrows) and some oogonia (arrowheads) in a control carp; bar  =  20 μm. (b) Carp exposed to 200 ng/l PFOA: 484 

normal pre-vitellogenic oocytes (arrows) with homogenous eosinophilic cytoplasm and nucleoli (arrowheads) at 485 

the periphery of the nucleus (N); bar  =  20 μm. (c) Gonad of a control carp: presence of abundant adipose tissue 486 

(asterisk) can be seen; bar  =  100 μm. (d, e) Ovaries of fish exposed to 2 mg/l PFOA showing normal oocytes 487 

(arrowheads) and some oocytes in degeneration (arrows); bar  =  20 μm. 488 

 489 

Fig. 2. Histological sections of carp testes stained with H&E. (a, b) Mature gonad of control carp: 490 

numerous seminiferous tubules (arrows) filled with spermatogonia (arrowheads), spermatocytes (black asterisk), 491 

spermatids (white asterisk), and spermatozoa (arrows); bars =  50 and 20 μm respectively. (c) Carp exposed to 492 

200 ng/l PFOA: testes similar to control fish showing reproductive cells at various stages of the spermatogenic 493 

cycle; bar  =  20 μm. (d) Gonad of fish exposed to 2 mg/l PFOA lacking in spermatozoa and rich in 494 

spermatogonia, interstitial and Sertoli cells (asterisks); bar  =  20 μm. 495 

 496 

Fig. 3. Histological sections of carp liver. (a) Hepatocytes (arrowheads) in a control carp: note the foamy 497 

appearance of the cytoplasms. H&E, bar  =  20 μm (b, c) Liver of carp exposed to 200 ng/l PFOA (b) and to 2 498 

mg/l PFOA (c): hepatocytes (arrowheads) similar in appearance to those of unexposed fish. Note the occurrence 499 

of rodlet cells (arrows) in the epithelium of the biliary ducts. H&E, bars  =  20 μm. (d, e) Hepatocytes in control 500 

(d) and exposed fish (e) displaying similar presence of glycogen granules. AB/PAS, bars  =  20 μm. (f, g) Liver 501 

sections treated with the anti-PCNA antibody: few hepatocytes (arrows) immunopositive (i.e. in proliferation) in 502 

control fish (f), and several immunopositive hepatocytes (arrows) in a carp exposed to 2 mg/l PFOA (g); bars = 503 

20 μm. 504 


