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Abstract

Per- and polyfluoroalkyl substances (PFAS) are anthropogenic chemicals of concern that persist in 

the environment. Environmental monitoring revealed high concentrations of hexafluoropropylene 

oxide dimer acid (HFPO-DA) and other novel PFAS in the lower Cape Fear River; however, 

there is limited information on PFAS exposures and effects of this contamination on aquatic biota. 

Serum concentrations of 23 PFAS in Striped Bass (Morone saxatilis) from the Cape Fear River 

(n = 58) and a reference population from an aquaculture laboratory on the Pamlico/Tar watershed 

(n = 29) were quantified using liquid chromatography and high-resolution mass spectrometry, and 

correlations between PFAS concentrations and health-related serum biomarkers were evaluated. 

Perfluorooctane sulfonate, the predominant PFAS in Cape Fear River Striped Bass serum, was 
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detectable in every sample with serum concentrations reaching 977 ng/mL. Perfluorononanoic 

and perfluorodecanoic acid were also detected in all samples, with perfluorohexanesulfonic acid 

present in > 98% of the samples. HFPO-DA (range < 0.24–5.85 ng/mL) and Nafion byproduct 

2 (range < 0.2–1.03 ng/mL) were detected in 48% and 78% of samples, respectively. The mean 

total PFAS concentration found in domestic Striped Bass raised in well-water under controlled 

aquaculture conditions was 40 times lower, with HPFO-DA detected in 10% of the samples, and 

Nafion byproduct 2 was not detected. The elevated PFAS concentrations found in the Cape Fear 

River Striped Bass were associated with biomarkers of alterations in the liver and immune system.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of chemicals used for a variety of 

industrial applications and in consumer products. Due to their desirable chemical properties, 

such as stability and heat resistance, PFAS are components of aqueous film forming foams 

(AFFFs), heat resistant lubricants, non-stick coatings, water and oil repellents, and used as 

precursors and additives in fluoropolymers and plastics (Swedish Chemical Agency, 2015; 

Thalheimer et al., 2017). The same physical properties that make these chemicals desirable 

for industrial applications (longevity and heat-stability) also contribute to their persistence in 

the environment (Houde et al., 2011).

Since initial production in the 1950s, PFAS have become pervasive worldwide contaminants. 

The most recent comprehensive analysis from the Organization of Economic Cooperation 

and Development (OECD) identified 4730 PFAS-related CAS registry numbers, including 

947 that were registered in the EPA Toxic Substances Control Act (TSCA) chemical 

inventory. Of those 947 TSCA registered PFAS, 602 are reported commercially active 

(OECD, 2018). From this large number of PFAS, there is extensive health and 

exposure related data for only two compounds (perfluorooctane sulfonate, PFOS and 

perfluorooctanoic acid, PFOA). There is less toxicity and exposure data available for a 

handful of additional PFAS, including the PFOA replacement hexafluoropropylene oxide 

dimer acid (HFPO-DA) and the PFOS replacement perfluorobutane sulfonate (PFBS) 

(US EPA, 2019). According to the National Health and Nutrition Examination Survey 

(NHANES), PFOA and/or PFOS were detected in serum of 95% of the United States 

population (Calafat et al., 2007; Khalil et al., 2016). Evidence from epidemiologic studies 

has linked increased human exposure to PFOA and PFOS with developmental toxicity, 

altered immune system function, cancer, metabolic changes and thyroid dysfunction 

(DeWitt, 2015). Based on the results of a systematic review of animal and epidemiological 

studies, the United States National Toxicology Program (NTP) has concluded, based on 

the weight of evidence, that PFOA and PFOS are hazards to the human immune system 

(DeWitt et al., 2012; Chang et al., 2016; Kielsen et al., 2016). In non-mammalian studies, 

PFOS was shown to modulate the immune system in zebrafish by altering the structure 

and function of the liver (Guo et al., 2019). In the Common Carp (Cyprinus carpio), 

experimental PFOS exposure caused a dose-dependent increase in leakage of liver enzymes 

alanine aminotransferase (ALT) and aspartate aminotransferase (AST). Those findings were 

interpreted as PFOS exposure having resulted in hepatic cellular damage and necrosis (Hoff 

et al., 2003).
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Because of their persistence, toxicity and adverse health effects, manufacturers participating 

in the 2010/2015 PFOA stewardship program report that they no longer produce PFOA and 

PFOS in the US, although exemptions permitting use and manufacturing still exist (UNEP, 

2009). The use and resulting human exposure to PFOA and PFOS has since decreased; 

however, production and use of replacement (i.e. shorter-chain) fluorinated compounds 

has increased, based in part on limited data suggesting that some shorter chain PFAS are 

eliminated more rapidly (Bowman, 2015; Buck et al., 2011).

Surface water sampling data from the Cape Fear River (CFR) in North Carolina 

revealed that a growing number of novel replacement PFAS and manufacturing 

byproducts with diverse chemical structures are present in water at least 90 miles 

downstream from a PFAS production facility (Hopkins et al., 2018; Sun et al., 

2016). Novel PFAS detected in the CFR included HFPO-DA (GenX), Nafion 

byproducts, perfluoro-3,5-dioxahexanoic acid (PFO2HxA), perfluoro-3,5,7-trioxaoctanoic 

acid (PFO3OA), perfluoro-3,5,7,9-tetraoxadecanoic acid (PFO4DA), and perfluoro-2­

methoxyacetic acid (PFMOAA). Exposure to these contaminants of emerging concern has 

received much public attention because the sum concentration of novel PFAS has exceeded 

100,000 ng/L at drinking water treatment plant intakes, these municipal drinking water 

treatments plants were unable to remove the PFAS, and their toxicity data were lacking 

(Sun et al., 2016; Zhang et al., 2019). There has also been additional concern about the 

unknown impacts of PFAS contamination on the health of the aquatic environment, and 

possible hazards associated with consuming fish and seafood harvested from contaminated 

waters.

To address the lack of PFAS exposure and health outcome data in wildlife from the CFR, 

this study examined PFAS serum levels in Striped Bass (Morone saxatilis) using liquid 

chromatography (LC), high-resolution mass spectrometry (MS), and analyzed associations 

of PFAS with several blood biomarkers of health. Once plentiful, the CFR Striped Bass 

population has been in decline for the past 50 years (Rachels and Morgeson, 2018). 

This economically important fishery has been under a commercial and recreational harvest 

moratorium since 2009 due to the lack of natural reproduction and poor survival (Hadley, 

2015; Patrick and Moser, 2001). As a result, the CFR fishery has been maintained 

by stocking of hatchery-reared fish, with recent genetic analysis demonstrating that 

the population is composed almost entirely of these hatchery-reared fish (Rachels and 

Morgeson, 2018). Unlike more northern populations of Striped Bass that are anadromous 

and migratory, the CFR Striped Bass are non-migratory and spend their entire lives in the 

Cape Fear river and estuary system (Anderson et al., 2014; Callihan et al., 2014).

The objectives of this study were to: (1) determine the concentration of 23 legacy and 

novel PFAS in serum of Striped Bass sampled from both Cape Fear River (n = 58) and 

(2) determine the association between serum total and individual PFAS concentrations and 

biomarkers of overall health, and immune, liver, and renal function in both populations of 

Striped Bass. As a comparator reference population used to define background exposures, 

PFAS levels were evaluated in hatchery raised Striped Bass reared in water from a deep-well 

aquifer (Pamlico/Tar River) at the Pamlico Aquaculture Field Laboratory (PAFL).
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2. Methods

2.1. Materials

Calibration solutions (n = 23; ranging from 0.1 ng/mL to 100 ng/mL) were prepared 

from neat standards and combined in calf serum. Standards for perfluoroalkyl carboxylic 

and sulfonic acids and HFPO-DA were obtained from Wellington Labs (Guelph, ON); 

the remaining fluoroethers were obtained from the Chemours Company (Wilmington, 

DE). The internal standard (IS) solution (0.1 M) was prepared by diluting a solution 

containing 11 mass-labeled PFAS in water and 0.1% formic acid: 13C4-PFBA, 13C2-PFHxA, 
18O2-PFBS, 18O2-PFHxS, 13C8-PFOA, 13C4-PFOS, 13C9-PFNA, 13C9-PFDA, 18O2-PFOSA, 
13C2-PFUnA, and 13C2-PFDOA (all from Wellington Labs, Guelph, ON).

Acetonitrile (ACN; Optima®, Lot 184819, Fisher Scientific, Hampton NC), methanol 

(Optima®, Lot 183859, Fisher Scientific), ammonium formate (99%, AC401152500, Fisher 

Scientific), and formic acid (99.5%, A117-50, Fisher Scientific) was used for extractions 

and LC eluent, and all laboratory glassware was rinsed with methanol and ACN prior to 

use. All water used for extractions was purified with a Milli-Q water system, and blanks of 

purified water were analyzed for contamination prior to use. National Institute of Standards 

and Technology (NIST) Standard Reference Material (SRM) 1957 (Organic contaminants 

in non-fortified human serum) was analyzed and used as a quality control material for this 

analysis.

2.2. Striped Bass sample collection

All animal procedures were performed with approval from the North Carolina State 

University Institutional Animal Care and Use Committee (protocol #19-021-O). Striped 

Bass serum was sampled in April 2018 from CFR (n = 65 total fish caught; n = 58 

serum samples obtained and measured) and in August of 2018 from PAFL (n = 29). 

CFR wild-caught fish were collected by electroshocking and placed into floating holding 

tanks with oxygen aeration prior to blood sample collection; fin clips were collected for 

genetic analysis of parentage, sex was determined, body weight and length were measured. 

Aquaculture fish were netted and placed into aerated holding tanks. Sex of these juvenile 

fish was not determined. Prior to blood sample collection, fish weight and length were 

measured. For blood collection, a 10 mL Luer lock syringe (BD, Franklin Lakes, NJ) with 

a 20 gauge 1.5 in. (0.9 mm × 40 mm) needle was used to collect 3–5 mL of blood from the 

caudal vein. Blood was injected into serum blood collection tubes (BD Vacutainer, Franklin 

Lakes, NJ) and allowed to clot at ambient temperature for at least 30 min, then placed on 

ice. All sampled fish were released immediately following blood collection. Samples were 

transported on ice to North Carolina State University (NCSU) where serum was collected 

following centrifugation (1800g for 10 min at 4 °C). Serum fractions were immediately 

aliquoted into Teflon-free cryovials and stored at −80 °C until analysis.

2.3. Sample blinding, blanks and controls

Each animal was assigned a randomized numeric code by NCSU researchers prior to 

measurement and analysis of PFAS and serum biochemistry markers. Samples were decoded 

for site and length/size only after PFAS measurement/analysis was completed. Samples used 
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for serum biochemistry markers were selected based on the availability of adequate sample 

volume after PFAS analysis was completed. Identically treated field blanks (n = 5) were 

made by injecting 5 mL of Milli-Q water into the blank labeled serum tubes at each field 

collection site. A matrix matched quality control (QC) sample was made by combining 

randomly selected aliquots of CFR Striped Bass serum (n = 16). That material was used to 

test method reproducibility and stability (Table S2). Charcoal stripped fetal bovine serum 

(FBS; Life Technologies, Grand Island, NY; cat #10437, Lot #1754113; total protein 3.7 

g/dL) spiked with 5 ng/mL of PFAS standards was used for calibration verification (n = 3); 

purified water field blanks (n = 5) and FBS blanks (n = 10) were included in the analysis. 

Reported reference total serum protein values for wild and aquaculture Striped Bass were 

comparable to levels in FBS used as QC material (Young et al., 1994; Hrubec et al., 2001)

2.4. Sample preparation

All samples were extracted using the following method: 50 μl of sample was added to a 2 

mL polypropylene tube with 100 μl of 0.1 M formic acid combined with internal standards 

(5 ng). After a 3 s vortex, 450 μl of −20 °C ACN was added to the tube and vortexed for 3 s, 

and the sample was centrifuged at 12,500g for 5 min at room temperature. The supernatant 

(100 μl) was added to 300 μl of aqueous 0.4 mmol of ammonium acetate, and transferred to 

polypropylene autosampler vials.

2.5. Detection and quantification of PFAS in serum

Chromatographic separation was performed using a Vanquish UPLC system (Thermo Fisher 

Scientific, Waltham, MA) and Accucore C18 + column (2.1 mm × 100 mm × 1.5 μ 

particles) at a flow rate of 300 μl/min, injection volumes of 40 μl, and a binary mobile 

phase gradient composed of Solvent A (95:5 H2O:ACN, 0.4 mM ammonium acetate) and 

Solvent B (95:5 ACN:H2O, 0.4 mM ammonium acetate). Mobile phase compositions are 

detailed in supplemental table 1. PFAS were detected using with a Thermo Orbitrap Fusion 

mass spectrometer (Thermo Fisher Scientific, Waltham, MA) with a heated electrospray 

ionization (HESI) source operated in negative mode. Data were collected in data dependent 

mode for compound validation, with a preferred ion list consisting of the quantitated PFAS 

standards. Quantitation was based on an eight-point calibration curve (with two injections 

per concentration) of the internal standard normalized integrated peak area of the extracted 

ion chromatogram of the [M-H]-ion with a 5-ppm mass tolerance. The r2 values of all 

calibration curves used for analysis were > 0.98; limits of detection (LOD) were defined as 

the estimated concentration of blanks plus three standard deviations (Table S-2). Replicate 

PFAS measurements of SRM 1957 (n = 6) were compared to the values on the Certificate of 

Analysis for the NIST SRM 1957 standards and were within 5% of expected values.

2.6. Lysozyme assay

A fluorescence based EnzChek® Lysozyme Assay (Thermo Fisher Scientific, Waltham, 

MA, Cat. E-22013) was used according to manufacturer’s protocols to determine lysozyme 

activity in serum of a subset of Striped Bass samples (CFR: n = 28, PAFL: n = 29). Samples 

were diluted 1:5 in sample buffer and analyzed in triplicate, the average relative standard 

deviation (RSD) for QC and experimental samples were 5% and 7%, respectively.
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2.7. Blood chemistry

Blood chemistry values for 14 parameters (listed in supplemental table 3) were obtained for 

the subset of samples with sufficient volume of serum for analysis (CFR: n = 28, PAFL: 

n = 7) using a VetScan VS2 Whole Blood chemistry analyzer with Avian/Reptilian Profile 

Plus and T4/Cholesterol profile rotors (500–0041, 500-1037; Abaxis, Union City, CA). All 

procedures followed manufacturer’s protocols using 120 μl of serum. Blood chemistry and 

T4/Cholesterol analysis was previously validated for fish samples (Bowden et al., 2016).

2.8. Data and statistical analysis

Data were analyzed using SPSS (Version 24.0, IBM Corp., Armonk, NY, USA) and JMP 

Pro (Version 14, SAS, Raleigh, NC, USA). Data visualization utilized Graphpad Prism 

(version 8, Graphpad Prism Software, La Jolla, CA, USA) and the R statistical programming 

environment version 3.5.2. A Shapiro-Wilk’s test was used to assess normality of data; for 

data requiring normalization a natural log or log10 transformation was used. Non-parametric 

statistics were used for data not meeting analysis model assumptions following data 

transformations. PFAS concentration values were log10 transformed. Mean values, as well 

as ranges in concentration, were determined from values above the LOD; when PFAS levels 

were below the detection limit, the concentration was set to the LOD divided by the square 

root of two for statistical analysis (Glass and Gray, 2001). Percentages of detection above 

LOD calculations for each PFAS were determined by dividing the number of samples 

with detection above LOD by the total number of samples analyzed. Spearman’s rank 

correlation coefficient or Pearson’s correlation coefficient (PFOS, PFDA, PFNA) between 

PFAS serum concentrations and serum biomarkers was limited to PFAS detected in > 

30% of samples analyzed. Comparisons across serum biomarkers at each site was not 

done due to controlled rearing conditions at PAFL and known differences in range of 

juveniles and adults. Sex differences were evaluated using a Student’s t-test with Welch’s 

correction. Principal component analysis was performed to dimensionally reduce the data 

using a restricted maximum likelihood estimation (REML) and components with a minimum 

eigenvalue of 1. Loading scores of individual blood chemistry parameters above ± 0.40 were 

assessed with further regression analysis (Floyd and Widaman, 1995). A hierarchical linear 

regression analysis at each site was used to examine the relationship between PFOS levels 

and serum lysozyme, AST, total protein and albumin, with sex, age, length and weight of 

fish included as covariates in the statistical model. A minimal level of statistical significance 

for differences in values among or between groups was considered p < .05.

3. Results

3.1. Striped Bass size and weight distribution

Total length of Striped Bass sampled from the CFR ranged from 37.4 to 80.4 cm (M = 61.2; 

SD = 8.2; n = 65), and weight ranged from 747 to 5700 g (M = 2894; SD = 1056). Females 

(M = 3324 g; SD = 1010; n = 36) were heavier than males (M = 2284 g; SD = 943; n = 29), 

t (64) = 4.32, p < .0001, df = 62.8. Females were also longer than males (female: M = 64.9 

cm, SD = 6.62; male: M = 55.7 cm, SD = 10.2), t (64) = 4.51, p < .0001, df = 54. Weight 

and length were positively correlated, Pearson’s r(65) = 0.971, p < .0001 (Table 1). The total 

length of Striped Bass sampled from PAFL ranged from 32.6 to 41.9 cm (M = 36.7; SD = 
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1.97), and total weight ranged from 350 to 930 g (M = 594; SD = 112). Total weight and 

length were positively correlated, Pearson’s r(29) = 0.906, p < .0001 (Table 1). Study animal 

characteristics from both populations are detailed in supplemental table 4.

3.2. PFAS detection frequency and serum concentrations

Of the 23 PFAS analyzed, 11 were detected in CFR samples and 8 were detected In PAFL 

samples (Table 2). The mean total PFAS concentration in Striped Bass serum samples from 

the CFR was 40 times than the mean concentration observed at PAFL (Fig. 1A). PFOS was 

the dominant PFAS found in samples from each site, it was detected in 100% of the samples 

analyzed and accounted for 89% of the total PFAS present in CFR serum samples (M = 490 

ng/mL; SD = 186), and 69% of the total PFAS in the PAFL samples (M = 9.4 ng/mL; SD 
= 2.8), as shown in Fig. 1A–B and Table 2. HFPO-DA (GenX) was detected in 48% of the 

CFR samples (M = 1.9 ng/mL; SD = 1.6; Fig. 1C), a similar concentration (M = 1.64 ng/mL; 

SD = 0.95) was present in just 10.3% of samples from PAFL (Table 2). Nafion byproduct 

2 was detected in 78% of CFR Striped Bass serum (Fig. 1D), but was not detected in any 

PAFL sample.

3.3. Size, weight, and PFAS concentration correlation analysis

In CFR Striped Bass, the PFNA serum concentration was positively correlated with length, 

(rs(55) = 0.272, p = .047), whereas concentrations of PFDA, PFOS, and Nafion byproduct 

2, were negatively correlated with both length and weight (Table 1). For PFAL Striped Bass, 

no significant correlations between PFAS serum concentrations and length or weight were 

identified (Table 1).

In CFR fish, serum concentrations of PFDA, PFOS, and Nafion byproduct 2 were positively 

correlated with each other (Table 3). Serum concentrations of GenX and PFDA (rs(55) = 

0.504, p < .0001), and Nafion byproduct 2 and PFHxS, (rs(55) = 0.324, p = .022), were also 

positively correlated. In PAFL Striped Bass, the serum concentrations of PFDA, PFNA, and 

PFOS were each positively correlated with one another (Table 3), but not with PFBS.

3.4. Serum biomarker analysis

Principal components analysis indicated that aspartate aminotransferase (AST), creatine 

kinase (CK), uric acid (UA), total protein (TP), globulin, albumin (ALB), and potassium (K) 

contributed to 71.1% of the variation in the CFR blood chemistry data (supplemental Fig. 1). 

Significant correlations between serum concentrations of PFOS, Nafion byproduct 2, PFDA, 

PFNA and PFHxS and at least one serum biomarker were identified (Table 4).

Heatmap visualization for the correlation between serum markers and each PFAS in CFR 

Striped Bass serum are shown in Fig. 2A. No significant correlations between PFAS 

concentrations and globulin or K were identified. Serum PFOS concentration was positively 

correlated with AST (r(23) = 0.373, p = .03), TP (r(28) = 0.439, p = .009), and ALB (r(28) 

= 0.426, p = .01) in CFR Striped Bass. Nafion byproduct 2 was positively correlated with 

AST (rs (23) = 0.356, p = .047), CK (rs(28) = 0.432, p = .01), and ALB (rs(28) = 0.462, p = 

.006). PFDA was positively correlated with TP (r(28) = 0.432, p = .019), and ALB (r(28) = 

0.388, p = .03). PFNA concentration was positively correlated UA (rs(28) = 0.322, p = .043) 
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and ALB (rs(28) = 0.467, p = .006), and PFHxS and ALB (rs(28) = 0.488, p = .006) were 

positively correlated. At PAFL, PFOS and PFDA were correlated with serum TP and ALB, 

respectively (Table 4).

Serum PFOS concentration was correlated with serum lysozyme activity (r(28) = 0.440, 

p < .001) in CFR fish. There was no correlation between serum PFOS concentration 

and lysozyme activity in PAFL Striped Bass (rs(27) = 0.287, p = .147). Hierarchical 

linear regression with length, weight, and age included in the statistical model was used 

to determine if those factors influenced the association between PFOS concentration and 

lysozyme activity. Model 1 with only PFOS concentration predicted lysozyme concentration 

[F(1,29) = 6.248p = .004] accounting for 24.7% of the variation in lysozyme concentration 

with an R2 = 0.247. Model 2 with PFOS, age, length, and weight included as covariants 

improved the prediction of serum lysozyme by 28.8%, with an R2 = 0.535 [F(4, 26) = 7.48, 

p < .001] (Fig. 2B). Regression analysis (Fig. 2C–E) in CFR Striped Bass also indicated that 

PFOS concentration with age, length, and weight considered as covariants had a significant 

linear relationship with TP, R2 = 0.191 [F(4,26) = 6.217 p = .04], and ALB, R2 = 0.382 

[F(4,26) = 5.749, p = .02], and was suggestive for AST, R2 = 0.134 [F(4,24) = 3.396, p = 

.09].

4. Discussion

Analysis of serum PFAS concentrations in Striped Bass from the Cape Fear River, an 

important commercial and recreational fishery along the Atlantic Coast of North America, 

indicated ubiquitous PFAS contamination. Detectable levels of multiple PFAS were present 

in the serum of every Striped Bass sampled from the Cape Fear River, with much lower 

background levels of PFAS detectable in every fish reared in an aquaculture facility that 

used well water. The elevated concentrations of PFOS and several other PFAS found in the 

CFR Striped Bass were associated with increased lysozyme, and AST activities, suggesting 

that these exposures were impacting both immune and liver functions. While these data are 

consistent with effects of PFOS in experimental fish and mammalian models, additional data 

are needed to determine causal relationships between increasing PFOS concentrations and 

adverse impacts to the liver and immune system of Striped Bass.

4.1. Unique PFAS profiles and increased PFOS in smaller Striped Bass of Cape Fear 
River

Striped Bass in the CFR exhibited high levels of PFOS in serum which was correlated with 

alterations in biomarkers of immune and liver dysfunction. The mean concentration of PFOS 

detected in CFR Striped Bass (490 ng/mL) is one of the highest levels recorded in serum for 

any fish species in North America (Reiner and Place, 2015; Giesy and Kannan, 2001). For 

aquaculture Striped Bass, the mean levels of PFOS (9.4 ng/mL) were comparable to other 

fish analyzed at relatively remote areas globally (Giesy and Kannan, 2001), and in areas 

with little or no known manufacturing or sources of aqueous film forming foam (AFFF) 

contamination (Fair et al., 2019; Bangma et al., 2017). While present, it is concluded that 

these levels are indicative of a ubiquitous background contamination of PFAS. The levels of 

PFOS found in CFR Striped Bass suggest upstream source(s) of contamination consistent 
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with historically higher levels of PFOS contamination in the Cape Fear River (Nakayama 

et al., 2007). The potential use of PFAS-containing AFFFs for fire suppression or training 

exercises at military bases, airports, and municipalities upstream of the CFR sampling site 

could contribute as sources of the high levels of exposure observed in CFR Striped Bass 

(Place and Field, 2012).

In general, PFOS is the PFAS found at highest concentrations in wildlife (Reiner and 

Place, 2015), and numerous exposure studies have also demonstrated that PFOS is the most 

frequently detected PFAS in fish tissue and plasma/serum (Fair et al., 2019; Bangma et al., 

2018). Although PFOA levels have also been historically high in surface water sampled from 

the Cape Fear river (Nakayama et al., 2007), PFOA was infrequently detected at relatively 

low concentrations in CFR Striped Bass. Also, PFOA was infrequently detected at low levels 

at the PAFL reference site. Surface water monitoring data from 2018 at the CFR site of 

collection (Lock and Dam #1) are detailed in supplemental table 6; and reveal that PFOA 

and PFOS was found at a concentration of 6 ng/L and < 3 ng/L, respectively. Striped Bass 

sampled from the Cape Fear river ranged in age from 2 to 8 years (Patrick and Moser, 

2001). Thus, the PFAS levels detected in the Striped Bass serum likely reflect contemporary 

exposures to PFAS in the Cape Fear River and surrounding estuarine environment.

Long-chain PFOS and PFDA were the main PFAS present in the Striped Bass serum; 

however, in samples from the CFR a variety of additional PFAS, including recently 

identified fluoroethers were also frequently detected. Surface water sampling on the CFR 

has indicated the presence of byproducts of PFAS manufacturing, including PFMOAA, 

PF02HxA, PF030A, PF04DA, HFPO-DA (“GenX”), and Nafion byproduct 2 (Hopkins et 

al., 2018). In the Striped Bass samples analyzed here, both GenX and Nafion byproduct 

2 were detected frequently with detectable levels of PMPA and PFO5DoDA occurring 

less frequently. Nafion byproduct 2 and PFO5DoDA were detected exclusively in the CFR 

fish, with no detections in serum of Striped Bass from the PAFL site. Structurally, Nafion 

byproduct 2 resembles PFOS (supplemental Fig. 2), and may therefore exhibit similar 

properties. Further study is needed to determine the half-life of Nafion byproduct 2 in 

aquatic organisms.

Shorter chain PFAS, such as GenX and PFBS, are used as presumably safer alternatives 

to PFOA and PFOS, in part because of their shorter biological half-life and lesser 

potential to bioaccumulate. Both Nafion byproduct 2 and GenX were found at lower serum 

concentrations than PFOS; although each of these PFAS was detected in over 48% of 

samples from the CFR. It is notable that mean serum GenX concentrations were more 

than 136 times higher than concentrations present in contemporary surface water samples 

collected 1.2 miles downstream from Lock and Dam #1 (supplemental table 6). Nafion 

byproduct 2 was detected in surface water at the sampling site at 18 ng/L, and average levels 

were found at 17 times higher concentrations in Striped Bass serum (Zhang et al., 2019). 

Together, these findings indicate that shorter-chain PFAS are bioaccumulating in Striped 

Bass, and presumably other fish species. This interpretation is supported by findings of 

similarly elevated levels of PFAS in pooled liver samples of fish from the Yangtze River (Liu 

et al., 2018).
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Recent experimental studies in Crucian Carp (Carassius carassius) has revealed that 

the mechanism mediating bioaccumulation and tissue distribution of shorter-chain PFAS 

involves protein binding (Shi et al., 2018). The observed negative correlation between 

PFOS, PFDA, and Nafion byproduct 2 serum concentrations and body weight and size 

of Striped Bass from the CFR fish indicates that PFAS bioaccumulation occurs through a 

mechanism unrelated to accumulation of lipophilic persistent organic pollutants (POPs) in 

lipid rich body compartments. Typically, the bioaccumulation of POPs in fat is associated 

with elevated serum levels in larger sized animals indicative of higher overall body burdens 

(Guillette et al., 1999). Whereas tissue PFOS concentrations and body size were also 

inversely correlated in male tilapia, a similar association between PFAS levels and body 

weight was not found in Striped mullet (Bangma et al., 2018). It is likely that the relative 

elevation of PFAS in smaller fish sampled in our study results from a combination of 

factors, including size-related differences in diet and movement within the river, differential 

tissue distribution, and differences in clearance rate for individual PFAS. Additionally, 

it is also possible that the larger sexually mature Striped Bass may be traveling further 

distances into the CFR estuary system, and the smaller fish may remain more localized to 

sources of contamination in the river system. Further studies are need to define the specific 

factors influencing exposure, bioaccumulation, and the resulting adverse impacts of PFAS 

on Striped Bass and other coastal and inland fish.

Due to declining stocks and lack of natural recruitment, there is a capture moratorium in 

place for Striped Bass on the Cape Fear and surrounding rivers of North Carolina that 

limits human consumption of these fish. However, several other species within this system 

(i.e. Flathead catfish, Largemouth Bass) are regularly harvested for consumption. Given the 

high amount of PFOS found in CFR Striped Bass, it seems likely that other piscivorous 

fish species share a significant body burden of PFAS. Recreational harvest of CFR fish is 

likely an important route of exposure for communities living near this site, as fish/seafood 

consumption is linked to human PFAS exposure (Haug et al., 2010). Currently there are 

no fish consumption guidelines for PFAS in coastal North Carolina, however a number of 

states have established fish consumption recommendations for PFAS. For example, the New 

Jersey Department of Environmental Protection has implemented a health guideline that 

specify Striped Bass are a ‘do not eat’ species for high-risk populations, including pregnant 

women and women of child-bearing age, and a once per month guideline for general 

populations harvesting fish from marine or estuarine waters (NJDEP, 2019). As observed 

here, examination of fish tissue from 11 waterways across New Jersey found PFOS as the 

primary PFAS in fish with a maximum concentration of 162.5 ng/g tissue (NJDEP, 2019). 

Although serum PFAS levels were analyzed here, the high levels of PFOS detected in CFR 

Striped Bass serum supports the need for additional analysis aimed at characterizing PFAS 

present in tissues of a variety of different consumed fish from the CFR and other inland 

waterways. Eliminating this important data gap will be critical in establishing accurate 

consumption recommendations for fish from inland and coastal waters of North Carolina.

4.2. Association of PFOS with altered immune function

Lysozyme is an important marker of the innate immune system function (Rauta et al., 

2012). Lysozyme, along with other innate immunity molecules such as C-reactive protein 
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and interferon are important in maintaining immunologic homeostasis in fish due to 

their pathogen rich environment (Saurabh and Sahoo, 2008). Lysozyme is secreted by 

macrophages and circulating enzymatic activity is a biomarker of systemic inflammation 

(Torsteinsdóttir et al., 1999). Increasing serum PFOS concentrations were positively 

correlated with lysozyme activity in the CFR Striped Bass, suggesting a relationship 

between PFOS and increased activity of the innate immune system. This finding is similar 

to experimental results from a variety of studies in vertebrate species where increased 

circulating PFOS levels are associated with increased lysozyme activity. For example, 

lysozyme activity was increased in 14-day old chickens exposed to PFOS from 1 mg/kg 

egg mass (serum PFOS concentration 154 ng/g) (Peden-Adams et al., 2009), and in female 

mice, 0.1 mg/kg body weight PFOS (serum PFOS concentration 123 ng/g) (Peden-Adams 

et al., 2008). Elevated lysozyme activity in both mammalian and non-mammalian species 

were observed at serum PFOS levels well-below the mean PFOS concentration (490 ng/mL) 

found in serum of CFR Striped Bass. Additionally, exposure of yellow perch (Perca 
flavescens) to a suite of PFAS from contaminated upstream aqueous effluent, resulted in 

altered immune-related gene expression in the liver, and a positive association between 

PFDA concentration and lysozyme activity was detected (Houde et al., 2014). The consistent 

finding across diverse taxa of increased PFAS exposure resulting in increased lysozyme 

activity, suggests that increases in serum lysozyme activity is a fundamental biomarker of 

PFAS immunotoxicity.

4.3. Associations between PFOS and Nafion byproduct 2 with increased liver enzyme 
activity

Increased concentrations of PFOS and Nafion byproduct 2 in CFR Striped Bass were 

also associated with increased AST activity. The positive association between increased 

PFOA and PFOS exposure and AST activity is well established from results of human 

epidemiological studies, laboratory toxicology investigations, and wildlife studies (Nian et 

al., 2019; Xing et al., 2016). In fish, serum concentrations of liver AST of the Common 

Carp increased with increasing PFOS dose (Hoff et al., 2003). To our knowledge, this is 

the first study to characterize an association between Nafion byproduct 2 serum levels and 

altered liver enzyme activity in wildlife species or any experimental model system. These 

findings suggest that Nafion byproduct 2 exposures may also alter and adversely impact liver 

function.

Total protein and ALB are also clinical indicators of renal and liver health; however, it is 

important to note that some PFAS (e.g. PFOS and PFOA) bind to serum albumin (ALB) 

(Beesoon and Martin, 2015) and can complicate the interpretation of associations between 

PFAS concentration and changes in these serum protein biomarkers. Associations between 

ALB and the concentration of PFAS that bind to serum ALB, could result from increases 

in PFAS causing an increase in hepatic ALB expression. Alternatively, in individuals with 

higher concentrations of serum ALB, the association may be driven by an increase in PFAS 

binding sites present in serum, rather than by an adverse impact on hepatic function. The 

binding properties of most PFAS, with the exception of PFOS and PFOA, for ALB and other 

serum proteins are uncharacterized (Liu et al., 2019), and careful interpretation of clinical 

biomarkers data based on associations of PFAS levels and changes in serum protein levels is 
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necessary. Although, interpretation of the observed correlation between PFOS concentration 

and alterations in serum protein levels is complicated, the alterations in other serum markers 

of liver and immune dysfunction (i.e. lysozyme and AST enzyme activities) were also 

observed in Striped Bass from the CFR. The activity of those enzymatic biomarkers is 

not expected to be influenced by direct binding of PFAS and therefore strengthens the 

evidence that increasing PFAS concentrations were associated with alterations of both liver 

and immune function.

It is important to note that several fish species also have species-specific differences 

in serum protein expression and activities. Certain fish species, including one used for 

guideline bioaccumulation studies - the Common Carp, express different fatty acid binding 

proteins, that are not equivalent to those found in human serum albumin; these functions 

are instead mediated by high density apolipoproteins (De Smet et al., 1998). The affinity of 

individual PFAS for binding of fatty acid binding proteins (FABP) in the liver or organic 

anion transporter (OAT) proteins in the kidney may also contribute to species specific 

differences in PFAS concentrations observed in serum and specific body compartments 

(Ng and Hungerbühler, 2013; Fang et al., 2014). As a result, for individual PFAS there 

may be important species-specific differences in patterns of bioaccumulation. Analysis of 

PFAS levels in a wide range of fish species will be necessary to develop comprehensive 

understanding of ecosystem health impacts for individual PFAS and for the development of 

fish consumption guidelines. Future dosing studies in aquatic vertebrates will be needed to 

determine which novel PFAS and manufacturing byproducts alter the immune system and 

liver function.

Overall, the Striped Bass population within the Cape Fear River exhibited elevated PFAS 

serum levels compared to background levels detected in reference aquaculture-reared fish 

from a different watershed (Pamlico/Tar) within North Carolina. The levels of PFAS 

detected in CFR Striped Bass represent one of the highest levels of PFOS documented 

in the serum of any fish species (Delinsky et al., 2010). Measurable levels of PFOS, PFDA, 

PFNA, and PFBS were detected in the “reference” site supporting the ubiquitous nature of 

PFAS contamination. No wildlife study to date has shown a site free of PFAS contamination 

(Giesy and Kannan, 2002). From the Artic, to the remote wilderness of South Africa, PFAS 

contamination is a global issue (Christie et al., 2016; Young et al., 2007).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Comparative PFAS concentrations in serum of Striped Bass from the Cape Fear River 

and Pamlico aquaculture field laboratory. (A) Total serum PFAS (ΣPFAS) concentration 

(ng/mL or ppb) and PFOS (ng/mL) in Cape Fear River (CFR) and Pamlico aquaculture field 

laboratory (PAFL) Striped Bass. Mean (M) values are indicated. (B) Comparison of lower 

levels of total PFAS and PFOS detected in individual Striped Bass at PAFL. (C) Serum 

levels (ng/mL or ppb) of HFPO-DA (“GenX”) in Cape Fear River Striped Bass (D) Nafion 

byproduct 2 concentration (ng/mL or ppb) found in CFR Striped Bass; PAFL Striped Bass 

had no measurable levels of Nafion byproduct 2 in serum.
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Fig. 2. 
Association of PFAS with serum biomarkers in Cape Fear River Striped Bass. (A) Heatmap 

of serum PFAS and health markers in Cape Fear River (CFR), n = 28. PFOS, PFDA, Nafion 

byproduct 2 (BP2), aspartate aminotransferase (AST), creatine kinase (CK), Lysozyme, 

PFHxS, uric acid (UA), total protein, and albumin were examined with Spearman’s rank 

correlation coefficient or Pearson’s correlation coefficient (r) and put into a heatmap of 

increased and decreased r values (blue, r = 1, red, r = −1). (B) Scatterplot of linear regression 

analysis with 95% confidence intervals for log transformed serum PFOS concentration 
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(ng/mL) and natural log lysozyme activity in CFR fish, (C) natural log transformed aspartate 

aminotransferase, (D) natural log transformed total protein, and (E) natural log transformed 

albumin. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.)
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Table 1

Correlations between serum PFAS concentration, weight and length.

Cape Fear

Weight PFNA PFDA PFOS PFHxS GenX Nafion BP2

Length 0.974 
b

0.272 
a

−0.507
b

−0.629
b 0.184 −0.201 −0.283

a

Weight – 0.262 −0.502
b

−0.628
b 0.165 −0.158 −0.285

a

PAFL

Weight PFNA PFDA PFOS PFBS

Length 0.847 
b 0.075 0.214 0.333 0.026

Weight – 0.154 0.273 0.259 −0.093

Shown are correlation coefficients for PFAS with detection frequency > 30%; Cape Fear River n = 55, PAFL n = 29. Significant correlations are 
indicared in bold,

a:
P < .05,

b:
P ≤ 0.01.
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Table 3

Correlations between serum concentrations of individual PFAS.

Cape Fear

PFNA PFDA PFOS PFHxS GenX Nafion BP2

PFNA – 0.229 0.191 0.707 
b 0.083 0.433 

b

PFDA – – 0.773 
b 0.014 0.504 

a
0.693 

b

PFOS – – – 0.091 0.308 0.477 
b

PFHxS – – – – 0.046 0.324 
a

GenX – – – – – 0.175

PAFL

PFNA PFDA PFOS PFBS

PFNA – 0.762 
b

0.739 
b 0.077

PFDA – – 0.974 
b 0.129

PFOS – – – 0.116

Shown are correlation coefficients for PFAS with detection frequency > 30%; Cape Fear River n = 55, PAFL n = 29. Bold indicates significant 
correlations,

a:
P < .05,

b:
P < 0.01.
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Table 4

Correlation between PFAS concentrations and serum biomarkers in Cape Fear River and PAFL Striped Bass.

Cape Fear

PFOS Nafion BP2 PFDA PFNA PFHxS

Lysozyme 0.440 
b 0.315 0.135 −0.357 −0.345

AST 0.373 
a

0.356 
a 0.297 −0.312 −0.025

Creatine kinase 0.311 0.432 
a 0.346 0.059 0.099

Uric acid −0.055 −0.326
a −0.054 0.322 

a 0.031

Total protein 0.439 
a 0.283 0.432 

a 0.223 0.248

Albumin 0.426 
b

0.462 
b

0.355 
b

0.467 
b

0.488 
b

PAFL

PFOS PFDA

Lysozyme 0.287 0.071

AST 0.333 0.217

Creatine kinase 0.333 0.211

Uric acid 0.410 0.325

Total protein 0.690 
a 0.564

Albumin 0.633 0.604 
a

Shown are correlation coefficients for PFAS significantly associated with at least one serum biomarker. Bold indicates significant correlations,

a:
P < .05,

b:
P ≤ 0.01.
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