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Abstract

Perfluorinated alkyl acids (PFAAs) are persistent in marine biota and are toxic to many species, 

including marine mammals. We measured the concentrations of 15 PFAAs in liver and kidney 

samples of 16 species of stranded cetaceans from Hawai‘i and other tropical North Pacific regions 

utilizing high performance liquid chromatographytandem mass spectrometry (LC-MS/MS). 

Eleven PFAAs in liver and nine PFAAs in kidney were detected, including substantial 

perfluorooctanesulfonate (PFOS) and perfluoroundecanoic acid (PFUnA). Regression models 

indicated that phylogenetic family and age class significantly influenced concentrations of certain 

PFAAs. PFAAs can activate transcription factor peroxisome proliferator-activated receptor alpha 

(PPARα), which induces transcription of cytochrome P450 4A (CYP4A). Relative expression of 

PPARα and CYP4A mRNA was quantified using real-time PCR (qPCR) and CYP4A protein 

expression, using Western blot and then compared to PFAA concentrations in liver and kidney. 

Concentrations of four PFAA congeners, summation of perfluoroalkyl carboxylic acids (ΣPFCAs), 

and ΣPFAAs correlated significantly with PPARα mRNA expression and CYP4A protein 

expression in kidney, suggesting either may be biomarkers of PFAA exposure in cetaceans. This is 

the first study to quantify PFAAs in marine mammals from this region and the first observation of 

a direct relationship between PFAA exposure and PPARα and CYP4A expression in cetaceans.

Graphical Abstract

*Corresponding Author: bjensen@hpu.edu; phone: +1 (808) 236-3533.
‡Present Address: A.E.K.: National Oceanic and Atmospheric Administration, Daniel K. Inouye Regional Center, 1845 Wasp Blvd. 
Bldg. 176, Honolulu, HI 96818.
⊥Present Address: J.L.R.: National Institute of Standards and Technology, Hollings Marine Laboratory, 331 Fort Johnson Rd., 
Charleston, SC 29412.
∥Present Address: K.L.W.: University of Hawai‘i, Hawai‘i Institute of Marine Biology, 46-007 Lilipuna Rd., Kaneohe, HI 96744.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.est.8b05619.
Additional materials and methods for quantification of PFAAs, mRNA, and protein, description of experimental quality controls, and 
supporting tables (S1, animal information for PFAA measurement samples; S2, concentrations of PFAAs measured in SRM samples; 
S3, PCR primers; S4 and S5, concentrations of all PFAAs in liver and kidney; S6-S8, descriptive statistics for PFAA concentrations by 
phylogenetic family, age class, and sex; S9, descriptive statistics for mRNA expression) (PDF)

The authors declare no competing financial interest.

Author Manuscript
Accepted for publication in a peer-reviewed journal

National Institute of Standards and Technology • U.S. Department of Commerce

Published in final edited form as:
Environ Sci Technol. 2019 March 05; 53(5): 2830–2839. doi:10.1021/acs.est.8b05619.N

IS
T

 A
uthor M

anuscript
N

IS
T

 A
uthor M

anuscript
N

IS
T

 A
uthor M

anuscript

http://pubs.acs.org/
http://pubs.acs.org/doi/abs/10.1021/acs.est.8b05619
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05619/suppl_file/es8b05619_si_001.pdf


INTRODUCTION

Perfluorinated alkyl acids (PFAAs) are contaminants of interest because of their widespread 

distribution, high abundance, and the negative health effects attributed to their persistence in 

animals and the environment. Extensive industrial production, consumer usage, and the 

inability to be broken down naturally contribute to their high global abundances. These 

compounds were also readily utilized in popular household products, most notably in 

carpets, nonstick cookware, and food packaging.1,2

PFAAs persist in all parts of the world, especially in the marine biota. The chemical stability 

of PFAAs allows them to be persistent in the environment and in tissues of wildlife, 

particularly in the liver, blood serum, and kidney.3 High concentrations have been detected 

in tissues of invertebrates, fish, reptiles, birds, and marine mammals.4 The persistence of 

several types of PFAAs has been extensively examined in marine mammals. However, there 

are several geographical areas with marine mammals that have not been adequately 

examined, particularly in the southern hemisphere, Russian Arctic, and tropical North 

Pacific.

Several factors can potentially influence PFAA bioaccumulation in marine mammals, 

including type of PFAA (i.e., carbon chain length and functional group), species, age, and 

sex. PFAAs with longer carbon chains (i.e., 8 carbons or more) and compounds with odd 

numbered carbon chains tend to bioaccumulate more in organisms compared to shorter chain 

PFAAs5–8 and even numbered PFAAs,9 respectively. Also, perfluoroalkyl sulfonic acids 

(PFSAs) typically bioaccumulate more than perfluoroalkyl carboxylic acids (PFCAs) of the 

same carbon chain length, likely because sulfonates tend to bind more strongly to proteins 

than carboxylates.6 Bioaccumulation of PFAAs may also be influenced by a species’ trophic 

level, as these contaminants biomagnify in food webs,8,10–15 and a population’s 

geographical proximity to sources and atmospheric or oceanic pathways of PFAAs.4,10,16 

Many researchers speculate that placental and/or lactational offloading of PFAAs, as 

evidenced in multiple studies measuring concentrations in marine mammal mother/offspring 

pairs,13,16–19 is the reason why concentrations in marine mammals likely decrease with age,
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10,18,20 and males tend to have markedly higher concentrations than females.16,21,22 A 

growing amount of evidence indicates a global increase in PFAA concentrations in tissues of 

marine mammals over the last few decades. However, concentrations of some PFAA 

congeners appear to have leveled off or even decreased in recent years, possibly because of a 

voluntary switch from perfluorooctanoic acid (PFOA) perfluorooctanesulfonate (PFOS) and 

PFOS-related products to less bioaccumulative alternatives with shorter carbon chains.23,24

PFAA exposure in mammals has been shown to activate peroxisome proliferator-activated 

receptors (PPARs), and these proteins are theorized to be a biomarker of this class of 

contaminants.25 PPARs are proteins involved in lipid and glucose regulation.26 There are 

three isoforms of PPARs (PPARα, PPAR5δ, and PPARγ) that are similar in structure but 

can vary in their respective location in the body and physiological roles.27 A key component 

of PPAR-dependent transcriptional activity is the binding of a ligand. Endogenous ligands 

that bind to PPARs include monounsaturated and polyunsaturated fatty acids.26 Several 

environmental contaminants and industrial byproducts can also act as PPAR agonists, 

including several types of PFAAs as agonists for PPARα.28 PPARα activation by natural 

and synthetic ligands typically results in downstream transcription of target genes 

responsible for the regulation of lipids and glucose, in particular the metabolic enzyme 

cytochrome P450 4A (CYP4A).29,30

CYP4A, a fatty acid and prostaglandin hydroxylase,31,32 is a family of enzymes within the 

cytochrome P450 group of enzymes that are integral for several metabolic functions, 

including detoxifying xenobiotic compounds.33 Metabolites of the CYP4A substrates are 

speculated to have a major role in many hepatic and renal functions.34 Peroxisome 

proliferators regulate CYP4A expression, which in turn acts as a modulator with other 

PPARα target genes to maintain lipid homeostasis.29,30,35,36 The introduction of peroxisome 

proliferator fatty acids leads to PPARα-mediated expression of CYP4A proteins.35 Elevated 

activation of the PPARα–CYP4A pathway coincident with exposure to harmful PFAAs in 

various species of animals could result in negative health effects in mammals, including 

decreased liver function, developmental toxicity, immunotoxicity, and feeding disorders.
25,28,37–41

The characterization of the PPARα–CYP4A pathway has not yet been investigated in most 

marine mammals. Ishibashi et al.42 concluded that this pathway was conserved in the livers 

of Baikal seals, in that expression of PPARα was correlated with perfluorononanoic acid 

(PFNA) concentrations and CYP4A expression was correlated with both PFNA and 

perfluorodecanoic acid (PFDA) concentrations. The same study also reported a significant 

dose–response relationship between both PFOA and PFOS and PPARα activation, and the 

authors inferred that this correlation might hold true with elevated levels of these compounds 

in wild Baikal seal livers. Another study examined organochlorine contaminants (OCs), 

including PCBs, DDEs, and chlordanes, in minke whale livers, but the researchers did not 

ascertain a significant correlation with any of the CYPs investigated, including CYP4A.43 

Despite these findings, there is insufficient information to evaluate the importance of the 

PPARα–CYP4A pathway in cetaceans, particularly in response to PFAA exposure.
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Predicting health risk of contaminants in protected species generally requires a “weight of 

evidence” approach. Measuring PFAA contaminant loads provides crucial insight into the 

distribution and range of the toxicants from initial sources to eventual tissue sequestration in 

animals. Cetaceans and other marine mammals act as key sentinels for contaminant-related 

human health risks because of their long life spans, close proximity to coastal regions, and 

high trophic level status (see refs 44 and 45 for a review). Despite substantial evidence on 

the persistence and toxicity of PFAAs in cetaceans and other marine mammals in various 

parts of the world,4,12 there has been no examination of PFAA exposure in cetaceans in the 

tropical North Pacific. One purpose of this study was to quantify PFAAs and examine 

bioaccumulation trends in an opportunistic sample set of 16 different cetacean species that 

were stranded throughout the Hawaiian Islands and other parts of the tropical North Pacific. 

Increased PPARα activation and CYP4A expression in liver and kidney cells are well-

established biomarkers of susceptibility and effect, respectively, of PFAA exposure in 

several species, but there has been no research to date examining PFAA induction of the 

PPARα–CYP4A pathway in cetaceans. Another purpose of this study is to quantify PPARα 
and CYP4A expression in liver and kidney of stranded cetaceans. Published evidence on 

PFAA effects in cetaceans should be made a priority for future contaminant biomarker 

research. By correlating these responses with PFAA concentrations in liver and kidney, we 

will assess whether these physiological responses (1) are related to PFAA exposure and (2) 

serve as potential biomarkers of PFAA exposure and effect. This is the first study to profile 

expression of both PPARα and CYP4A in cetaceans, and it lays a foundation for future 

PFAA biomarker research in these marine sentinels.

MATERIALS AND METHODS

Sample Collection and Storage.

Liver and kidney samples (n = 53) from cetaceans stranded on the main Hawaiian Islands, 

Micronesia, Saipan, and Guam were collected from 1997 to 2013 during necropsies 

performed by the Hawai‘i Pacific University Marine Mammal Stranding and Response Team 

(Table S1). The tissue samples selected for analysis were limited to those from stranded 

cetaceans considered either code 1 (alive then euthanized) or code 2 (freshly dead). Samples 

were stored at temperatures between −20 and −80 °C at Hawai‘i Pacific University in 

Kaneohe, HI and shipped to the National Institute of Standards and Technology (NIST) 

Gaithersburg, MD under liquid nitrogen for analysis.

Chemicals.

Calibration solutions were created by combining two solutions produced by the NIST 

Reference Materials (RMs) 8446 Perfluorinated Carboxylic Acids and Perfluorooctane 

Sulfonamide in Methanol and RM 8447 Perfluorinated Sulfonic Acids in Methanol. 

Together, the solution contained 15 PFAAs as follows: perfluorobutyric acid (PFBA), 

perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid 

(PFHpA), PFOA, PFNA, PFDA, perfluoroundecanoic acid (PFUnA), perfluorododecanoic 

acid (PFDoA), perfluorotridecanoic acid (PFTriA), perfluorotetradecanoic acid (PFTA), 

perfluorobutanesulfonic acid (PFBS), perfluorohexanesulfonic acid (PFHxS), PFOS, and 

perfluorooctanesulfonamide (PFOSA).

Kurtz et al. Page 4

Environ Sci Technol. Author manuscript; available in PMC 2020 May 21.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



Internal standards (IS) were purchased from Cambridge Isotope Laboratories (Andover, 

MA), RTI International (Research Triangle Park, NC) and Wellington Laboratories (Guelph, 

Ontario) to create an IS mixture comprised of 11 isotopically labeled PFAAs, and they were 

as follows: 13C4-PFBA, 13C5-PFPeA, 13C5-PFHxA, 13C4-PFHpA, 13C8-PFOA, 13C9-

PFNA, 13C6-PFDA, 13C7-PFUnA, 13C2-PFDoA (IS for PFDoA, PFTriA, and PFTA), 

13C3-PFBS, 13C3-PFHxS, 13C8-PFOS, and 13C8-PFOSA.

Chemical Analysis.

Tissue samples, calibrants, blanks, and Standard Reference Material (SRM) 1947 Lake 

Michigan Fish Tissue were extracted using a method previously described in detail by 

Reiner et al.46 Briefly, samples were extracted twice using 2.5 mL of 0.01 mol/L KOH in 

methanol after being spiked with approximately 200 μL of the IS mixture. All samples, 

blanks, SRMs, and calibrants were filtered using a Whatman UniPrep 0.2 μm filter 

(Stanford, ME), further purified in methanol using an Envi-carb cartridge (Supelco, 

Bellefonte, PA), and analyzed using an Agilent 1200 high performance liquid 

chromatography system (HPLC; Santa Clara, CA) coupled to an Applied Biosystems API 

5000 triple quadrupole mass spectrometer (Applied Biosystems, Foster City, CA). The 

PFAA levels of SRM 1947 processed during our extraction met established values reported 

on the Certificate of Analysis. Measured compounds were considered above the reporting 

limit (RL) if the mass of an analyte in the sample was greater than the mean plus three 

standard deviations of all blanks. Quantitative analysis of the PFAAs are described in detail 

by Reiner et al.46 and in the Supporting Information.

mRNA Quantification.

The total RNA of each sample was extracted and purified using the SV Total RNA Isolation 

System from Promega (Madison, WI). Primers for PPARα and CYP4A were designed using 

MacVector with Assembler version 12.5.1 (Cary, NC) and Primer3web version 4.0.0.47,48 A 

consensus sequence of four mammal species (PPARα: human, cow, mouse, rat; CYP4A: 

human, rat, dog, pig) for each gene was created to design primers for a segment of the 

cetacean gene. A segment of the cetacean gene sequence was used to design real-time PCR 

(qPCR) primers for the samples. The primer sequences for the reference gene tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide 

(YWHAZ) were obtained from Spinsanti et al.49 Primer pairs were validated with cetacean 

samples using traditional PCR and sequencing of the PCR product.

qPCR was performed on the Eppendorf Mastercycler ep realplex. All samples were run in 

triplicate. Relative concentrations were calculated using the ΔΔCq method with 

nomenclature from Bustin et al.50 The sample with the least detected mRNA expression for 

each gene was designated as the baseline expression (i.e., PPARα ΔCq baseline = 14.98 and 

CYP4A ΔCq baseline = 14.56 in animal 15063-001). Statistical analyses were performed 

using the −ΔΔCq to represent a positive relationship.

Consistent melt curves and Cq values with a standard deviation of <2.00 for at least two of 

the three triplicates must occur for a sample to be considered satisfactory for analysis. Prior 
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to quantifying target genes, candidates for reference genes were thoroughly investigated (see 

the Supporting Information).

Protein Quantification.

Tissue preparation, protein extraction, total protein concentration quantification, and gel 

electrophoresis were performed according to Bachman et al.51 Only CYP4A proteins in 

kidney samples were quantified. The CYP4A positive control was Sprague–Dawley rat liver 

microsomes induced with clofibric acid (XenoTech). Band densities with sizes of ~55, ~65, 

and ~85 kDa were visible in the positive control. These bands likely correspond to CYP4A 

isoforms CYP4A2, CYP4A1, and CYP4A3, respectively.52 Antibodies used for the analysis 

are described in detail in the Supporting Information. All bands of these approximate sizes 

for the unknown samples were included in the density quantification. Protein quantification 

was performed using a standard curve with dilutions of the positive control. The 

manufacturer’s measurement of the amount of CYP4A protein in the positive control is 1.11 

nmol CYP4A protein/mg total protein, and the standard curve set the limit of detection 

(LOD) at 22.2 pmol CYP4A protein/mg total protein.

In Western blot analyses, each blot was stripped with ReBlot Plus Strong Stripping Solution 

10× (Millipore) and probed for alpha tubulin in order to discern between low expression and 

substantial protein degradation. Three internal standards were included in each blot (50 μg of 

positive control, 5 μg of positive control, and 50 μg of NIST SRM QC03LH3 pygmy sperm 

whale liver homogenate). These standards were used to determine the efficiency of each blot 

relative to the standard curve blot, and sample concentrations were corrected accordingly.

Statistical Methods.

Descriptive statistics, comparisons, and correlations were performed using IBM SPSS 

Statistics Version 21. Parametric statistics were utilized if the distribution could be 

normalized by a logarithmic transformation. Nonparametric statistics were utilized for 

distributions that could not be normalized. PFAA concentrations below the LOD were set as 

half the calculated LOD for statistical tests. Sample concentrations for mRNA and protein 

quantification were excluded from analysis if the output was not satisfactory or if expression 

was below the LOD. Backward stepwise multiple linear regressions for PFAA quantification 

were performed using JMP 11 (SAS Institute). The parameters of the model included 

phylogenetic family (Balaenopteridae, Delphinidae, Kogiidae, Ziphiidae), age class (adults, 

juveniles, calves), sex (females, males), and day of stranding (where day 1 = 01/01/1997, 

day 2 = 01/02/1997, etc.). Phylogenetic family, age class, and sex were considered 

categorical variables, and day of stranding was considered a continuous variable. All 

parameters were initially entered into the model, and the p-value threshold to eliminate a 

parameter from the model was set at 0.200. The parameters considered for analyses are 

those that maintained a p-value <0.200 in the final model. Categorical parameters were 

grouped by the program to describe significant influence of each individual variable on the 

model. All p-values stated in the regression results are the parameter p-values and represent 

each parameter’s influence on the model (α < 0.10 denoting significant influence).

Kurtz et al. Page 6

Environ Sci Technol. Author manuscript; available in PMC 2020 May 21.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



RESULTS AND DISCUSSION

Liver and Kidney PFAA Concentrations.

Eleven individual PFAA congeners were detected in liver and kidney from 53 stranded 

cetaceans from the tropical North Pacific (Figure 1). PFOS and PFUnA were the most 

commonly detected PFAAs found in the liver and kidney samples (Table 1). PFOS 

concentrations in liver samples ranged from below the LOD to 795 ng/g wet weight (ww) 

and in kidney samples from below the LOD to 34.3 ng/g ww. PFUnA concentrations 

measured in the liver samples ranged from below the LOD to 175 ng/g ww, and the 

concentrations measured in the kidney samples ranged from below the LOD to 149 ng/g ww. 

Eleven PFAAs were detected in the liver samples, and nine PFAAs were detected in the 

kidney samples. Four PFAAs (i.e., PFBA, PFPeA, PFHpA, and PFBS) were not detected in 

any of the samples and were excluded from further analyses. In addition, PFHxA and 

PFHxS were also excluded because they were not detected in kidney; PFHxA was only 

detected in two liver samples and PFHxS in one liver sample. There was a strong positive 

correlation between PFAA concentrations measured in matching liver and kidney samples 

with a p-value <0.0001 for all analyzed samples (Table 1).

Liver PFAA concentrations were significantly higher than kidney for all PFAA congeners 

except PFOA and PFTA, for which the concentration means for both were higher in liver but 

the differences were not significant (Table 1). This trend is supported by several studies 

where higher PFAA concentrations are reported in liver compared to kidney, particularly in 

marine mammal studies.3,13,53 Because of this, liver is the most commonly examined tissue 

when measuring PFAA concentrations in marine mammals. However, a study by Van de 

Vijver et al.54 on harbor seals in the Dutch Wadden Sea measured higher PFAA 

concentrations in kidney than liver. Even though our finding of significantly higher PFAA 

concentrations in liver compared to kidney agrees with most of the literature, conflicting 

evidence in marine mammals demonstrates the need for more research on PFAA 

toxicodynamics.

The overall highest concentrations of PFAAs in liver and kidney were PFUnA (median 35.3 

ng/g ww and 11.7 ng/g ww, respectively), followed by PFOS (median 17.8 ng/g ww and 

8.18 ng/g ww, respectively). PFUnA concentrations have also been highest among PFCAs 

measured in previous marine mammal studies.8,17,55,56 Abundant PFUnA is consistent with 

the observation that longer chain, odd numbered PFCAs tend to bioaccumulate more than 

shorter chain and even-numbered PFCAs.5–9 Martin et al.14 also postulated that PFCAs with 

carbon chains >11 carbons may be too large to bioaccumulate effectively. This could explain 

why we observed lower concentrations of PFCAs with >11 carbons (i.e., PFDoA, PFTriA, 

and PFTA) compared to PFUnA in both liver and kidney samples, even though they have 

longer carbon chains. PFOS is the most commonly examined PFAA in marine mammals and 

also typically has the highest concentration of PFSAs (see ref 4 for a review), with some 

exceptions.8,16,17,56,57 PFSAs tend to bioaccumulate more than PFCAs of the same carbon 

chain length in marine mammals (e.g., PFOS concentrations higher than PFOA16,18,20,53,58), 

likely because sulfonates bind more strongly to proteins than carboxylates.6 The results of 
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this study provided evidence of that trend, with PFOS levels being substantially higher than 

PFOA in every sample where both contaminants were detected (Tables S4 and S5).

Phylogenetic Family Trends.

In general, PFCA concentrations in liver and kidney are higher in Ziphiidae and Delphinidae 

than Kogiidae and Balaenopteridae. PFSA concentrations in Delphinidae liver and kidney 

are also very high comparatively. However, PFOSA was not detected in Ziphiidae liver, and 

only low concentrations were detected in kidney (m = 0.707 ng/g ww) compared to 

Delphinidae (m = 2.67 ng/g ww) and Kogiidae (m = 2.51 ng/g ww). PFOS concentrations in 

Delphinidae and Ziphiidae liver and kidney are generally higher than Kogiidae and 

Balaenopteridae (Table S6).

To explore patterns in this diverse data set, we used a backward-stepwise multiple linear 

regression model approach to examine life history influences on PFAA concentrations 

(Table 2). It is important to note that the purpose of the model is to identify the most 

influential parameters affecting PFAA concentrations, not to characterize differences within 

those parameters.

Phylogenetic family had significant influence on the model for all PFAAs except for PFTA 

in liver. In general, Ziphiidae and Delphinidae were higher than Kogiidae and 

Balaenopteridae for most of the PFAAs. It is widely accepted that animals in the families 

Ziphiidae and Delphinidae occupy a higher trophic level than those in the family 

Balaenopteridae.59 Since PFAAs are thought to biomagnify in marine food webs,12–15 it 

follows that these animals will have significant differences in PFAA concentrations. 

However, Pauly et al.59 also found that Kogiidae (i.e., pygmy sperm whales and dwarf sperm 

whales) have a very similar trophic level to many species of Ziphiidae and Delphinidae. If 

trophic level has a significant impact on PFAA concentrations, then these three families 

should have similar concentrations and markedly higher concentrations than 

Balaenopteridae. However, our results do not indicate this, in that Kogiidae have statistically 

similar concentrations to Balaenopteridae. It is possible that there are other family specific 

characteristics that affect PFAA bioaccumulation besides trophic level, such as differences in 

PFAA metabolism, elimination rates, and the spatial distribution of prey. Since this data set 

has a relatively low number of both Ziphiidae (n = 4) and Kogiidae (n = 4), uncertainty is 

high. Despite this, the difference between Delphinidae/Ziphiidae and Balaenopteridae 

suggests that the phylogeny and trophic level of cetaceans influence bioaccumulation of 

these contaminants.

Age Class Trends.

Age class influenced PFAA concentrations in both liver and kidney. For this study, we 

designated adults as animals that have reached sexual maturity, juveniles as animals that 

have not reached sexual maturity, but were no longer nursing, and calves as animals that 

were still nursing. Juveniles have the highest median concentrations of PFAAs above the 

LOD in both livers and kidneys with the exception of PFOSA in kidney, where adults have 

the highest median concentration (Table S7).
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The regression model indicates that age class is an important factor driving PFAA 

concentrations (Table 2). Age class has strong influence over the model for all PFAAs 

except for PFDoA, PFTriA, and PFTA in liver samples and ΣPFSAs in kidney. High 

concentrations in juveniles significantly influenced the model for PFDA, PFUnA, ΣPFCAs, 

PFOS, ΣPFSAs, and ΣPFAAs in liver samples and PFDA, PFUnA, PFDoA, PFTriA, 

ΣPFCAs, PFOS, and ΣPFAAs in kidney. Adults have the highest PFOSA concentrations in 

both liver and kidney. High concentrations of PFOA in calf livers (significantly higher than 

adults but not juveniles) and PFOA and PFTA in calf kidneys significantly influenced the 

model.

In summary, age class has a strong influence on PFAA concentration in these cetaceans, and 

juveniles typically have the highest concentrations. The literature demonstrates a clear trend 

of PFAA concentrations decreasing with age in cetaceans10,18,20 and pinnipeds,42,56,60 likely 

because of placental and/or lactational offloading of the contaminants from mother to 

offspring.13,16–19 Most studies that characterize age class split animals into two classes, 

adults and calves, with juveniles being divided between the two. In our study, juveniles have 

significantly higher concentrations of most PFAAs than calves and adults. A study on Pacific 

harbor seals in San Francisco bay observed significantly higher PFOS concentrations in 

weaned pups compared to yearlings and juveniles.61 This seal study, along with our cetacean 

results, suggests that individuals that are no longer nursing, but have not yet reached 

offloading potential at sexual maturity, could merit one or more distinct age class when 

investigating PFAAs in future studies.

Sex and Temporal Trends.

In general, the data indicate that PFAA concentrations are higher in male kidney samples 

than female kidney samples; however, no relationship is established in liver samples (Table 

S8). This study is somewhat consistent with the literature, where the trend is ultimately 

inconclusive, but most evidence suggests male marine mammals typically have higher PFAA 

concentrations than females16,21,22 likely because of female placental and/or lactational 

offloading.13,16–19 In this study, PFCA compounds with shorter carbon chain length appear 

to have higher concentrations in females, and PFCAs with longer carbon chain length and 

PFSAs have higher concentrations in males. The regression model provided only minor 

support for both trends (Table 2). PFOA was significantly influenced by sex, with female 

livers having higher levels than male livers, but detection of PFOA was inconsistent, with 

most samples <LOD. High concentrations in male kidneys significantly influenced the 

model for longer carbon chain PFDoA and PFTriA. In summary, there is no clear trend of 

PFAA concentrations in regards to sex; however, the data indicate that male kidneys may 

have higher long carbon chain PFAAs than female kidneys.

Although several studies suggest an increase in PFAAs in marine mammal tissue over the 

last few decades, there were no clear temporal trends in the data.

PPARα and CYP4A mRNA Expression.

PPARα mRNA was expressed in 33 livers (13 species, 64.7% of samples) and 18 kidneys (7 

species, 38.3%), and CYP4A mRNA was expressed in 37 livers (14 species, 72.5%) and 31 
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kidneys (11 species, 66.0%). The highest PPARα expression was in a bottlenose dolphin 

liver (15121-001, 21 600-fold change from the baseline), and the lowest detected expression 

was in a humpback whale kidney (15063-001, baseline expression). The highest CYP4A 

expression was in a striped dolphin liver (KW2009011, 231 000-fold change from the 

baseline), and the lowest detected expression was in a humpback whale liver (15063-001, 

baseline expression) (Table S9).

In general, mRNA expression was greater in liver than in kidney, especially with regard to 

CYP4A expression (Table 3). This was reflected in the means and medians of both PPARα 
and CYP4A fold change over the baseline sample, but statistical tests were only significant 

for CYP4A and not PPARα. It is apparent that liver expresses more CYP4A mRNA than 

kidney, but a tissue-specific trend for PPARα expression is not established. Also, there was a 

significant positive correlation between PPARα and CYP4A expression in both liver (r = 

0.703, p < 0.001, df = 27) and kidney (r = 0.527, p = 0.044, df = 13), thus suggesting that the 

PPARα–CYP4A pathway is conserved in cetaceans (Table 3). This relationship was 

expected because PPARα is a transcription factor for CYP4A in many other species,29,30 but 

this is the first study to examine the pathway in cetaceans.

CYP4A Protein Expression.

CYP4A proteins were detected in 43 kidneys (91.5% of samples) representing 15 cetacean 

species (mean = 231 pmol/mg; median = 195 pmol/mg; st. dev. = 180). The highest kidney 

CYP4A protein expression was in a Longman’s beaked whale (KW2010005, 985 pmol/mg), 

and the lowest detectable concentration was in a humpback whale (KW2013010, 40.7 pmol/

mg). Individuals with CYP4A concentrations below the LOD (based on detectable alpha 

tubulin) included a humpback whale (15063-001), a spinner dolphin (KW2011018), and two 

melon-headed whales (KW2011002 and KW2011009). A significant correlation between 

CYP4A mRNA and CYP4A protein expression in kidney (r = 0.493, p = 0.007, df = 28) 

indicates that either may serve as a biomarker.

PPARα and CYP4A as Biomarkers for PFAA Exposure.

PPARα and CYP4A are potential contaminant biomarkers for PFAA exposure in stranded 

cetaceans. PPARα mRNA expression and CYP4A protein expression in kidney positively 

correlated with PFDA, PFUnA, PFTriA, PFTA, ΣPFCAs, and ΣPFAAs (Figure 2). PPARα 
and CYP4A mRNA expression in liver and CYP4A mRNA expression in kidney did not 

significantly correlate with any PFAAs. These results suggest that certain congeners of this 

class of contaminants interact with the PPARα–CYP4A pathway in cetacean kidney. The 

relationship between PFAAs and the PPARα–CYP4A pathway was not established in liver.

PFAA-induced activation of the PPARα–CYP4A pathway has been studied in several 

different species,42,62–65 but very little research is available on marine mammals. A study 

that examined PFAA concentrations and activation of the PPARα–CYP4A pathway in 

Baikal seal liver concluded that this relationship was conserved for PPARα expression with 

PFNA concentrations and CYP4A expression with PFNA and PFDA concentrations.42 

Although they claim that the high abundance of PFNA and PFDA in the analyzed livers may 

have masked the effects of the other PFAAs examined, there was also a strong correlation 
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between ΣPFAA and both PPARα mRNA and CYP4A protein expression. Our results 

corroborate this trend for PFAAs in cetacean kidney but not liver.

PFCA concentrations, not PFSA concentrations, appear to be influencing the activation of 

the PPARα–CYP4A pathway in cetaceans. Past PFAA research and subsequent PFAA 

production regulation have focused more on the negative health effects of PFSAs, 

particularly PFOS more than PFCAs.4 It was only recently that focus has shifted to PFCA 

production, where major PFAA producers in the U.S. made a consent agreement to stop or 

phase out the manufacturing of PFAAs with chains of eight or more carbons by 2015.66 

Despite this decrease in production of longer-chained PFAAs, their inability to naturally 

degrade67 and long-distance transport and dispersal characteristics2 will continue to make 

them prevalent in the marine biota. Longer-chained PFCA concentrations may induce 

activation of the PPARα–CYP4A pathway in cetaceans apart from normal biological 

processes, a response that has been implicated with several deleterious effects in other 

mammal species.25,39,41,64

The PPARα–CYP4A pathway plays a pivotal role in lipid and glucose regulation, so 

anthropogenic inducers, such as PFAAs, are not the only activators of this response. These 

genes have some baseline level of expression independent of contaminant exposure, and 

many other biological factors regulate this pathway. Despite these potential confounding 

influences, PPARα mRNA expression and CYP4A protein expression in cetacean kidney 

significantly correlated with PFDA, PFUnA, PFTriA, and PFTA.

This initial survey of PFAAs in cetaceans that were stranded on Hawai‘i and the tropical 

North Pacific revealed that many factors influence concentrations of PFAAs in cetaceans, 

including tissue type, phylogenetic family, age class, and to a lesser extent sex. Although our 

analysis indicated clear trends, it is important to consider that measurements were performed 

on stranded cetaceans representing 16 different cetacean species with different life histories. 

The results confirm the PPARα–CYP4A pathway in cetaceans and suggest strongly that 

both PPARα and CYP4A expression are affected by PFAA exposure (particularly PFCAs), 

with kidney as a potential target organ. Overall, both PPARα and CYP4A remain good 

biomarker candidates for PFAA exposure and effect in cetaceans. This study can be used as 

a foundation for future contaminant research and the physiological responses and health 

risks of PFAAs in cetaceans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Summary of liver and kidney PFAA concentrations. The PFAAs are ordered by carbon chain 

length and class. The y-axis is the concentration of the PFAAs (ng/g, ww), and it is in a 

logarithmetic scale. The circles and triangles represent extreme values or concentrations that 

extend past the interquartile range >1.5 times and >3 times the value of the interquartile 

range, respectively.
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Figure 2. 
Relationship between PPARα mRNA expression (open squares with solid line) and CYP4A 

protein expression (×s with dashed line) and PFAA congeners PFDA, PFUnA, PFTriA, 

PFTA, ΣPFCAs, and ΣPFAAs in kidney. Pearson’s correlation coefficient was used for 

PPARα mRNA expression with all PFAA congeners; PFDA and ΣPFCAs used log10 

transformed data (df = 16). Pearson’s correlation coefficient was used with log10 
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transformed data for CYP4A protein expression with all PFAA congeners, excluding 

ΣPFCAs (Spearman’s rank test) (df = 31) (α < 0.10 denoting significance).
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Table 3.

Comparisons and Correlations of Liver vs. Kidney mRNA Expression and Correlations Between PPARα and 

CYP4A mRNA Expression
a

PPARα CYP4A

liver vs kidney

ti = 1.52
p = 0.134

ti = 5.20
p < 0.001

df = 49
df = 54.6

b

r = 0.495
p = 0.086

r = 0.179
p = 0.381

df = 11 df = 24

liver kidney

PPARα vs CYP4A
r = 0.703

p < 0.001
r = 0.527

p = 0.044
df = 27 df= 13

a
Comparisons and correlations were performed using the untransformed −ΔΔCq values of PPARα and CYP4A. The test utilized is indicated by the 

test statistic, where ti = independent-samples t-test and r = Pearson’s correlation coefficient. The degrees of freedom (df) are listed with equal 

variances assumed unless otherwise specified.

b
Adjusted degrees of freedom, equal variances not assumed.
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