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A B S T R A C T   

Per- and polyfluoroalkyl substances (PFAS) accumulation and elimination in both wildlife and humans is largely 
attributed to PFAS interactions with proteins, including but not limited to organic anion transporters (OATs), 
fatty acid binding proteins (FABPs), and serum proteins such as albumin. In wildlife, changes in the biotic and 
abiotic environment (e.g. salinity, temperature, reproductive stage, and health status) often lead to dynamic and 
responsive physiological changes that alter the prevalence and location of many proteins, including PFAS-related 
proteins. Therefore, we hypothesize that if key PFAS-related proteins are impacted as a result of environmentally 
induced as well as biologically programmed physiological changes (e.g. reproduction), then PFAS that associate 
with those proteins will also be impacted. Changes in tissue distribution across tissues of PFAS due to these 
dynamics may have implications for wildlife studies where these chemicals are measured in biological matrices 
(e.g., serum, feathers, eggs). For example, failure to account for factors contributing to PFAS variability in a 
tissue may result in exposure misclassification as measured concentrations may not reflect average exposure 
levels. The goal of this review is to share general information with the PFAS research community on what biotic 
and abiotic changes might be important to consider when designing and interpreting a biomonitoring or an 
ecotoxicity based wildlife study. This review will also draw on parallels from the epidemiological discipline to 
improve study design in wildlife research. Overall, understanding these connections between biotic and abiotic 
environments, dynamic protein levels, PFAS levels measured in wildlife, and epidemiology serves to strengthen 
study design and study interpretation and thus strengthen conclusions derived from wildlife studies for years to 
come.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS), a class of man-made 
environmental contaminants, represent a group of aliphatic substances 
or organic chains (branched and linear) containing the moiety -CnF2n+1 
within their structure (Buck et al., 2011). Due to production for use in 
numerous industrial and consumer products (Glüge, et al., 2020), PFAS 

make their way into the environment through both point and non-point 
sources (Sun et al., 2011; Sun et al., 2016; de Solla et al., 2012; Furl 
et al., 2011; Kim and Kannan, 2007). Unfortunately, the same stability 
that makes PFAS desirable for commercial and industrial uses also 
prevents degradation of many PFAS in the environment. Furthermore, 
many perfluoroalkyl precursors transform in the environment and biota 
into highly stable end products (Letcher et al., 2014; Wang et al., 2017). 
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This ultimate persistence of PFAS in the environment has led to the 
constant exposure short chain and long chain PFAS and the bio
accumulation of long chain PFAS in both wildlife and humans across the 
globe (Reiner and Place, 2015; Houde et al., 2011; Houde, 2006; Jian 
et al., 2018; Wang et al., 2021). 

PFAS bioaccumulation within wildlife and humans is largely attrib
uted to PFAS interactions with proteins. Specifically, in in vitro studies of 
proteins derived from model species, binding affinities have been 
documented for several PFAS, including the extensively studied per
fluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA). 
(Nakagawa et al., 2008). PFAS are often acids with low pKa that are 
charged at environmentally relevant pH values, and therefore do not 
readily cross cell membranes by passive diffusion. Evidence suggests 
PFAS are substrates of a number transport proteins (Dankers et al., 
20132013) that facilitate their entry into cells and their transport to and 
within cells. Proteins important to PFAS distribution include albumin 
(D’eon et al., 2010), fatty acid binding proteins (FABP) (Luebker, 2002), 
and organic anion transporters (OAT). Longer chained PFAS with larger 
hydrophobic regions can associate with phosphoproteins and lipopro
teins (Wang et al., 2019) in biological systems. We will refer to these 
relevant proteins collectively as ‘PFAS-related proteins’ as we further 
discuss their tissue distribution as well as phospholipid bilayers 
(Armitage et al., 2012) and how they influence the tissue distribution of 
PFAS within an organism (Ng and Hungerbühler, 2013). However, 
despite the growing knowledge about PFAS and protein binding, limited 
information is known for protein binding affinities in wildlife species. 
Therefore, this review will discuss current knowledge and data on PFAS- 
protein interactions that may be relevant to wildlife, how the environ
ment may impact wildlife proteins, and important knowledge gaps that 
may limit our ability to directly extrapolate from mammalian proteins 
studied under laboratory conditions to the wide variety of proteins and 
conditions relevant to wildlife species. We will also discuss strategies to 
address potential species differences in a high-throughput fashion with 
the use of in silico techniques such as molecular modeling. 

In wildlife, changes in the biotic and abiotic environment (e.g. 
changes in salinity, temperature, reproductive stage, and health status) 
often lead to dynamic and responsive physiological changes that alter 
the expression of many proteins including PFAS-related proteins 
(Eryasa, 2019; Yeung et al., 2013). These environmentally induced 
changes in PFAS-related proteins then have the potential to impact PFAS 
tissue distribution across tissues within wildlife species (Fig. 1). Spe
cifically, we are talking about changes in proteins impacting PFAS 
presence or bioaccumulation rather than PFAS impacting protein func
tion, although depending on the study and study design, the direction
ality of the relationship can be difficult to ascertain. We argue that 

considering this often-neglected facet of PFAS-protein relationships can 
support wildlife study design and subsequent interpretation of results 
derived from wildlife biomonitoring and ecotoxicity studies. A goal of an 
ecotoxicity study could be to deduce causation; however, wildlife 
studies are often limited to cross-sectional study designs which support 
correlations but not necessarily causation. Correlations can be the 
beginning step to understanding causation, but may be misinterpreted 
due to reverse causation (Rothman et al., 2008) and can result in 
overinterpretation of results or, worst case, drawing erroneous conclu
sions. In addition, wildlife studies have high variability related to het
erogeneity of sampled specimens (Rhodes et al., 1992), which may 
contribute to exposure misclassification or confounding (both of which 
are key epidemiological concepts). Understanding what environmen
tally relevant abiotic and biotic factors influence proteins and measured 
PFAS could go a long way towards mitigating potential sources of bias 
and improving study design and interpretation. Knowledge of dynamic 
protein changes and their impact on PFAS distribution could help re
searchers gather a more complete picture on the interrelated nature of 
PFAS, proteins, and health. 

In this review, authors will (1) briefly review how protein binding 
has important influences on PFAS distribution, accumulation, and 
elimination, and (2) investigate wildlife studies for evidence of how 
protein changes may impact PFAS distribution in tissues. Authors will 
then (3) draw upon several epidemiological concepts to help inform 
wildlife study design, and finally (4) challenge the research community 
with recommendations to address current limitations of PFAS wildlife 
studies. Focus will largely revolve around perfluoroalkyl acids (PFAAs) 
including PFOS and PFOA due to the existing wealth of information in 
the literature but will also include existing information on emerging 
PFAS where possible. 

2. The importance of protein binding to PFAS distribution, 
accumulation, and elimination 

2.1. Serum proteins 

Within the literature, the proteins that have been most investigated 
for their ability to bind various PFAS are serum proteins, such as the 
blood carrier protein albumin. Albumin or albumin-like proteins have 
been observed in nearly all vertebrate species (Li et al., 2017) and are 
carriers of a wide array of substances including amino acids, fatty acids, 
drugs and hormones (Rothschild et al., 1975; Fasano et al., 2005). Even 
so, in vitro studies investigating direct binding of PFAS to albumin have 
mainly been limited to human serum albumin (HSA) (D’eon et al., 2010) 
and bovine serum albumin (BSA) (Bischel et al., 2011; Chen et al., 

Fig. 1. The review will focus on the links between abiotic and biotic factors, how they influence changes in physiology in wildlife, and how that may potentially alter 
PFAS measured in wildlife tissues (Figure created with BioRender.com). 
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2015). These studies observe differential binding of PFAS to albumin 
based on chemical properties including chain length (Bischel et al., 
2011) and isomeric structure (Beesoon and Martin, 2015). In wildlife it 
appears that other blood proteins can play a critical role. For example, 
one lab-based study investigated PFOS binding in tiger pufferfish 
(Takifugu rubripes) plasma by both in vivo and in vitro methods and 
observed that apolipoprotein A–I (a major component of high-density 
lipoprotein (HDL)), instead of albumin, was a key protein for PFOS 
binding and transport in the plasma of tiger pufferfish (Honda et al., 
2014). On the other hand, De Smet and colleagues reported that albumin 
like protein in brown trout Salmo trutta plays the same role as albumin in 
mammals. This suggests that PFAS binding to albumin-like proteins in 
plasma for wildlife is species dependent (De Smet et al., 1998). The 
implications for both field and laboratory studies are that blood proteins 
are a key medium for investigating PFAS accumulation in wildlife, but 
the measurement of protein-specific interactions, such as binding af
finities, requires species-specific knowledge on appropriate protein 
targets. Further, observations of binding affinities are not necessarily 
transferrable across species, even within taxonomic groups (Cheng, 
2021). For example, measured binding affinities for PFAS can differ 
substantially across human and bovine serum albumins, despite a 
greater than 75% sequence homology (Huang et al., 2004; Bischel et al., 
2010). Apolipoproteins, while having many of the same functional roles 
as albumin in fish species that lack albumin (i.e. lipid transport), have 
quite different three-dimensional structures from serum albumins 
(Andreeva, 2010). 

Generally, the binding affinity of proteins for PFAS relies on two key 
features: hydrophobic interactions and polar/electrostatic interactions 
(Weiss et al., 20092009; Sheng et al., 2016). The affinity of a particular 
PFAS for a particular protein will be affected, on the part of the protein, 
by the size of available hydrophobic grooves or binding pockets (and 
enhanced by greater contact, e.g. with longer-chain PFAS in a suffi
ciently large binding pocket) and by amino acids near the binding site 
that can engage in electrostatic or polar interactions with the acid head 
group of the PFAS. Thus, structural differences across proteins or protein 
isoforms can lead to differences in binding affinity for the same PFAS 
due to changes in the location of key amino acid residues, or to sec
ondary structures or folding that affect the size and location of binding 
pockets with respect to key residues (Stank et al., 2016). 

2.2. Fatty acid binding proteins 

Fatty acid binding proteins (FABPs) are a family of small transport 
proteins (14–16 kDa) that facilitate the transfer of fatty acids and other 
lipophilic substances between extra- and intracellular membranes. 
Studies have observed the binding affinities of several PFAS to human 
(Zhang et al., 2013; Yang et al., 2020) and rat-derived liver FABP iso
forms (Luebker, 2002). As with albumin, properties of PFAS, such as 
chain length, impact liver FABP binding affinity, with a general agree
ment across observations that binding affinity increases with chain 
length, though a leveling off or decrease has also been observed for 
perfluorinated carboxylic acids with chain lengths longer than 10 per
fluorinated carbons (Zhang et al., 2013). FABPs have demonstrated 
strong evolutionary conservation across a variety of investigated species 
(Smathers and Petersen, 2011); however, similar to serum albumins, 
there are limited in vitro studies investigating PFAS binding to wildlife- 
derived FABPs. Model-based screening of wildlife proteins for binding to 
PFAS could help identify tissues likely to be sites of accumulation or 
toxic impact across different species. This was recently illustrated in a 
modeling study of PFAS binding to liver FABP across seven species, 
which predicted that FABP derived from Japanese medaka and fathead 
minnow would have significantly weaker binding to several per
fluoroalkyl acids, whereas FABP derived from rat, chicken, rainbow 
trout, and human were all predicted to have similar binding affinities 
(Cheng, 2021). Of note, one of the issues around including PFAS binding 
to FABPs as a sink or accumulator (as well as other proteins discussed) is 

complicated by the fact that exposure to PFAS impacts FABP expression 
levels and thus may contribute to a feedback effect (Pfohl et al., 
20212021). In depth discussion on this feedback effect is not within the 
scope of this review. 

2.3. Organic anion transporters 

Organic anion transporters (OATs) are members of the solute carrier 
(SLC) superfamily of transmembrane transporter proteins that regulate 
anion balance in the body and control the excretion of drugs, toxins, 
nutrients, and metabolites (Nigam et al., 2015; Kell et al., 2013). Many 
PFAS are known substrates of OATs and have been observed to be 
transported across barriers such as the kidney and placenta (Nakagawa 
et al., 2008; Kummu, 2015). OAT isoform expression in the kidneys is 
well studied in humans (Yang et al., 2010) and model species (Naka
gawa et al., 2008; Yang et al., 2009) due to their key role in excretion 
and reuptake of PFAS from the body. The differences in sex- and species- 
specific PFAS half-life observed in the literature is often attributed to 
hormone-regulation of isoform specific expression of OATs in the kidney 
(Lee and Schultz, 2010; Kudo et al., 2002). Han et al., 2012 provides a 
particularly useful review of kidney transporters and their documented 
interactions with PFAS. Similar to FABP and albumin, the literature 
suggests that the ability of OATs to transport PFAS is chain length 
dependent (Weaver et al., 20102010), with maximum affinity for C7-C9 
perfluorinated carboxylic acids (PFCAs) for excretion of PFAS by OAT 
isoforms and for C9 and C10 PFCAs for reabsorption of PFAS by OAT 
isoforms (Han et al., 2012). Current observations have been limited to 
the interaction of PFAS with human and rodent proteins, and despite sex 
differences being observed in the PFAS burden in several wildlife spe
cies, little additional information is known about OAT isoform expres
sion in the kidneys of wildlife species (Bangma et al., 2017a, 2019; Fair 
et al., 2013). Finally, in vivo studies in rainbow trout have reported rapid 
renal clearance of PFOA as a dominant elimination mechanism that 
could suggest facilitation by renal transporter proteins, rather than the 
reabsorption observed in mammalian systems (Consoer et al., 2014). 

2.4. ATP-binding cassette transporters 

The ATP-binding cassette (ABC) transporters are another superfam
ily of proteins consisting of numerous transmembrane transporters. This 
superfamily of transporters plays numerous roles in living organisms 
including transporting drug and xenobiotics across biological mem
branes (Gedeon et al., 2006). While limited data is available, early 
studies have observed transport of PFAS by select members of the ABC 
family. For example, the breast cancer resistance protein (BCRP) is an 
efflux transporter (i.e., moves molecules out of cells) that is highly 
expressed at biological barriers which functions to protect the brain, 
retina, testes, and the placenta from toxins and xenobiotics (Han et al., 
2018; Maliepaard, 2001; Nagy et al., 2016). BCRP has been observed to 
transport PFOA across biological barriers in both in vitro and ex vivo 
studies (Dankers et al., 20132013; Szilagyi et al., 2019). While these 
early studies suggest BCRP may play a role in PFAS crossing biological 
barriers, no other studies have investigated BCRP as a potential trans
porter of PFAS, and to our knowledge no information is known about 
how and where PFAS bind to BCRP transporters. Inter-species differ
ences in the expression levels of BCRP between rodents and humans 
have been observed in a number of studies (Tanaka et al., 2004), and 
may therefore play a role in the species-specific impacts of BCRP 
transport of PFOA and potentially other PFAS. More studies are war
ranted to understand how large of a role BCRP and other ABC trans
porters might play in PFAS transport across biological barriers and, 
ultimately, their impact on tissue distribution in both model species and 
wildlife species. 
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2.5. Phospho- and lipoproteins 

It is well known that a large route of maternal off-loading of PFAS for 
many wildlife species is through egg laying (Holmstrom and Berger, 
2008), with the C7 and C8 legacy PFAS dominating the yolk (i.e., PFOS, 
PFOA, and perfluorohexanesulfonic acid (PFHxS)) (Göckener et al., 
2020); however, there are a limited number of studies that have inves
tigated PFAS binding to proteins associated with egg laying to date. 
Species-specific PFAS partitioning into the fractions of eggs that contain 
lipoprotein and phosphoproteins (vitellin and phosvitin) has been noted 
(Newsted et al., 2007). To our knowledge, only one study has investi
gated the distribution of 17 PFAS within the yolk and albumen com
ponents of chicken eggs and followed up with in silico docking analysis to 
confirm binding affinities for low-density lipoprotein, high density li
poprotein, and vitellin in yolk (Wang et al., 2019). The study observed 
that yolk contained a higher proportion of the detected PFAS overall as 
well as a higher proportion of linear isomers (n-PFOS, n-PFOA, and n- 
PFHxS) compared to albumen. Unfortunately, paired maternal serum 
was not investigated as a part of the study. Overall, more studies 
investigating various PFAS binding affinities to proteins associated with 
egg laying within the egg are warranted to better provide an improved 
understanding of PFAS distribution in egg laying wildlife species. 
Additionally, pairing these data with PFAS concentrations in maternal 
bird tissues would provide important insight into tissue distribution and 
maternal transfer in wildlife species, including discrimination in off- 
loading by chain length, branching, or other PFAS structural features. 

2.6. Phospholipids 

In addition to protein interactions, research suggests that PFAS 
phospholipid interactions in an organism significantly contribute to 
tissue-specific sorption capacity for PFAS (Armitage et al., 2012). Mo
lecular dynamics simulations and in vitro studies show PFAS can 
passively penetrate phospholipid bilayers, and the extent of the PFAS 
interaction with the phospholipid bilayer is functional group (pKa) and 
chain length dependent (Shen et al., 2020; Nouhi et al., 2018; Fitzgerald 
et al., 2018). In general, phospholipid partitioning is expected to in
crease with perfluoroalkyl chain length likely due to increased hydro
phobicity of longer fluorinated chain lengths (Armitage et al., 2013). 
Longer chain PFAS partitioning to phospholipid rich tissues, such as the 
brain, has been observed in a variety of wildlife including seabirds 
(Gebbink and Letcher, 2012; Robuck, 2020), polar bears (Greaves, 
2012), pilot whales (Dassuncao et al., 2019), and Crucian carp (Shi 
et al., 2018). 

In viviporous wildlife species that lactate to feed their offspring, milk 
production is a well-cited route of maternal off-loading (Grønnestad 
et al., 2017; Desportes and Mouritsen, 1993; Huang et al., 2009). While 
the rate of PFAS transfer through milk has been observed to be much 
lower than the rate of PFAS transfer to offspring during gestation 
(Grønnestad et al., 2017; Kim et al., 2011), the mechanism by which 
PFAS is transferred into maternal milk is currently unknown. One 
possible hypothesis is PFAS associating, even if only marginally, with 
lipids like phospholipids in maternal milk. In fact, PFAS levels have been 
observed to be correlated with phospholipid levels in one human breast 
milk study (Lamichhane, 2021). While early in vivo and in vitro studies 
suggest a significant role of phospholipids on long chain PFAS tissue 
partitioning, much more research is needed to fully understand (1) how 
physicochemical PFAS properties impact their distribution in phospho
lipid bilayers, (2) how the prevalence of phospholipid classes across 
organs might impact PFAS distribution, (3) what this means for PFAS 
distribution in wildlife species, and (4) differential toxicities. Of note, 
PFAS interaction with phospholipids is complicated by the fact that 
exposure to PFAS may impact energy pathways that dictate phospho
lipid metabolism and thus may also contribute to a feedback effect 
(Geng et al., 2019; Jacobsen et al., 2018; Yeung et al., 2007; Yoo et al., 
2009). 

2.7. Additional factors 

Several additional factors related to protein interactions have arisen 
in the literature that may play some role in PFAS distribution in wildlife 
tissues including saturation of proteins in a tissue and the presence or 
absence of additional PFAS. For example, the renal reabsorption capa
bilities of OATs can be saturated at sufficiently high PFAS exposure 
leading to an increase in the elimination rate of PFAS in a tissue of the 
highly exposed organism (Loccisano et al., 2011; Andersen, 2006). In 
short, this saturation effect can cause studies to underestimate the half- 
life of a PFAS. Evidence of this saturation effect is observed in zebrafish 
and chicken models (Tarazona et al., 2015; Vogs et al., 2019; Gaballah 
et al., 2020). To make things more complex, the presence of long chain 
PFAS has been observed to reduce bioaccumulation and tissue distri
bution of short-chain PFAS in a lab-based zebrafish study (Wen et al., 
2017). The authors of that study hypothesized competition for trans
porters and binding sites on proteins play a role in the impact of long- 
chain PFAS co-exposure on short-chain PFAS bioaccumulation. 

2.8. Toxicokinetic and binding affinity models 

As shown above, there are many different protein interactions that 
influence PFAS binding, serum half-lives, and subsequent tissue accu
mulation of specific PFAS. In silico modeling offers a powerful solution to 
increasing our understanding of PFAS-protein interactions for structur
ally diverse PFAS, for proteins across different tissue types and func
tions, and for evaluating protein structure and function differences 
across species. Multiple areas of research for in silico analysis of PFAS 
binding include but are not limited to individual protein binding, one- 
compartment models, and physiologically-based toxicokinetic (PBTK) 
models. Of importance, in silico modeling has revealed that inclusion of 
physiological parameters such as potential elimination routes, binding 
affinities of PFAS to specific proteins, and transport interactions with 
membrane proteins are needed to understand the complexity of PFAS 
accumulation and are key to accurately predicting tissue-specific PFAS 
distribution and bioaccumulation potential (Ng and Hungerbühler, 
2013; Cheng and Ng, 2017; Vidal et al., 2019). In silico whole body 
modeling in rainbow trout and common carp suggests that the types of 
proteins involved in PFAS accumulation and tissue distribution may 
differ between species, and that lack of available data for other tissue 
compartments (besides blood and liver) leads to less robust models (Ng 
and Hungerbühler, 2013). Molecular docking is particularly attractive 
because it is relatively rapid and requires as input only the three- 
dimensional structures of the protein and chemical (PFAS) of interest. 
Docking to specific proteins has been used as a screening method to 
identify PFAS with bioaccumulation potential in various species, and has 
shown remarkable parallels between fish and mammals (Ng and Hun
gerbuehler, 2015) as well as key differences. For example, L-FABP is an 
important protein for PFAS binding strength and potential half-life for 
rainbow trout, while in humans, albumin is most important. One limi
tation of molecular docking is that it does not utilize other potential 
factors (e.g., temperature, salinity, etc.), but it quickly screens PFAS for 
relative binding potential of proteins across multiple species. However, 
there are only a limited number of high-quality 3-dimensional structures 
available for proteins even in well-studied mammals. For proteins 
without a crystal structure, tools are being developed that can predict 
key elements of the three-dimensional structure, but still require careful 
evaluation (Jumper et al., 2021; Yang and Zhang, 2015). Moreover, 
docking is rapid at the cost of accurately estimating binding energies; 
because of this, it is best used as a screen for relative binding affinity 
rather than as a method to directly predict the binding affinity. Taken 
together, these studies suggest that consideration of protein interactions, 
aided by in silico screening, could help guide sampling and monitoring of 
individual wildlife species. 

By understanding protein interactions, we can better predict bio
accumulation and biomagnification across food webs (Custer, 2019). 
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For example, a recent food web study in the Yadkin-Pee Dee River Basin 
in North Carolina demonstrated that PFAS concentrations for both long 
and short chain PFAS (PFBS, PFOS, PFOA, and PFDA) were highest in 
lower trophic organisms (e.g., insects and smaller fish) compared to 
higher trophic organisms (Penland et al., 2020). Understanding what 
proteins or lipids might be driving the relationships observed in the 
species in the North Carolina food web, can help understand similar food 
web interactions in other environments. Another potential screening 
tool to understand PFAS accumulation across the food web is the US EPA 
Sequence Alignment to Predict Across Species Susceptibility (SeqAPASS; 
https://seqapass.epa.gov/seqapass/) (Cheng, 2021; LaLone et al., 
2016). This web-based application uses National Center for Biotech
nology Information (NCBI) protein database to identify similarities in 
protein sequences across multiple species that may be a target for the 
chemical of interest. Given that emerging PFAS without wildlife toxi
cological data (e.g. Nafion byproduct 2, Cl-PFECA) are found in the 
environment and biota (Washington et al., 2020; McCord and Strynar, 
2019), these types of in silico modeling and inclusion of high-throughput 
methods (molecular docking, SeqAPASS) will be valuable to quickly 
screen PFAS binding and potential half-lives in various organisms. 

3. Biotic and abiotic changes and the impact on PFAS in wildlife 
studies 

Now that we have reviewed how protein binding and phospholipid 
association have important influences on PFAS distribution, accumula
tion, and elimination, the goal of this section is to begin to understand 
how dynamic fluctuations in the abundance of those proteins or phos
pholipids as a result of physiological changes could impact PFAS dis
tribution in wildlife. Changes in abiotic and biotic factors such as 
salinity, temperature, and reproductive status are commonplace in a 
natural environment. Wildlife respond to these types of dynamic 
changes in their environment through adapting physiologically by 
altering protein abundance, lipid mobilization, or starting the process of 
reproduction (Kammerer et al., 2016; James and Kleinow, 2014; Barron 
et al., 1987; Sabbir et al., 2021). Therefore, we hypothesize that if key 
PFAS related proteins are impacted as a result of changes in the envi
ronment, then PFAS that associate with those proteins will also be 
impacted. This applies to both PFAS that are currently contributing to 
the body burden of an organism and to fresh PFAS exposures. In brief, 
alterations in protein abundance drives (re)equilibration of PFAS with a 
larger or smaller pool of proteins, thus changing the concentration of 
PFAS in free circulation, as well as potentially affecting the uptake and 
elimination of PFAS if the expression or function of key membrane 
transporters are impacted. If this is the case, then knowing what envi
ronmental factors might impact proteins and thus PFAS distribution can 
be key to improving wildlife study design. By incorporating these kinds 
of abiotic and biotic factors into data collection and study design, 
wildlife studies may be able to better account for variability in measured 
PFAS concentrations and address potential misclassification or con
founding that may result from the difficulties of studying animals in 
their natural environments. 

In this section we will detail some of the ways in which wildlife 
studies have begun to observe associations between abiotic and biotic 
factors and PFAS in both terrestrial and marine wildlife tissues. This 
section will also describe matching protein changes where available. For 
the investigated abiotic factors (salinity and temperature) large 
aquarium-based studies are available for review. For the biotic factors 
(reproduction, and health status) all studies reviewed are cross sectional 
in design. 

3.1. Salinity 

Salinity is a key component of abiotic aquatic environments 
including marine, estuarine, and increasingly freshwater environments 
(Cañedo-Argüelles, 2016). For successful habitation of aquatic 

environments, wildlife must properly osmoregulate to maintain ho
meostasis. Salinity in coastal and estuarine environments fluctuates 
daily, seasonally, and throughout a marine animal’s life course. Marine 
wildlife adapts to changing salinity through a variety of mechanisms to 
maintain osmoregulation. For example, in teleosts, a diverse group of 
ray-finned fishes, organs such as the kidney, gill, brain, liver, and muscle 
experience changes in expressed proteins, ion pumps, and percent 
muscle water (Kammerer et al., 2016). With multiorgan osmoregulation 
in marine wildlife, it is not surprising that aquarium-based studies have 
observed associations between PFAS distribution and salinity in several 
species including Marine medaka (Avellán-Llaguno, 2020), Blackrock 
fish (Jeon et al., 2010), and Pacific oysters (Jeon, 2010). More details of 
these associations can be found in Table 1. Of importance, the study on 
Marine medaka also investigated protein expression of PFAS-related 
proteins and observed increased expression of OAT1 and FABP and 
increased PFAS in the gills with increasing salinity. It is important to 
note that water salinity impacts not only physiology in aquatic species 
but also impacts PFAS distribution within an aquatic environment (Jeon 
et al., 2011; Munoz et al., 2017), and therefore, salinity likely impacts 
PFAS in wildlife tissues through a variety of complex coexisting factors. 

3.2. Temperature 

Like salinity, temperature is a key abiotic factor in marine and 
freshwater environments that can change rapidly or seasonally. For the 
purposes of this review, temperature and seasonal changes will be dis
cussed separately. Temperature changes will be discussed related to 
aquatic water temperatures that can be subject to a more rapid change, 
and seasonal temperature changes will represent sustained temperature 
differences from season to season. 

Aquatic wildlife responding to rapid fluctuations in environmental 
temperature have been observed to adapt many physiological processes 
such as cardiac output, feeding, respiration, and growth (James and 
Kleinow, 2014; Barron et al., 1987); however, the effects of fluctuating 
temperature on PFAS in aquatic wildlife are not well studied at this time. 
To date, only one 56-day uptake and depuration study in adult rainbow 
trout investigated changes in PFOS and PFHxS organ distribution with 
fluctuations in water temperature (Vidal, 2019). While significant dif
ferences in PFOS and PFHxS were observed between temperature groups 
(see Table 1), investigations into PFAS-related protein expression or 
binding was not included in the study. To our knowledge, no additional 
studies have examined the relationship between temperature change 
and PFAS distribution in marine wildlife. The impact of temperature on 
the expression of PFAS-related proteins may or may not be important to 
other species of fish and mammals. Similar to salinity, changes water 
temperature can impact not only physiology in aquatic species but also 
PFAS physical properties and thus impact PFAS partitioning among 
substrates within an aquatic environment (Li et al., 2010). As a result the 
impact of temperature on PFAS levels in wildlife is likely a complex 
relationship of multiple inter-related factors. 

3.3. Seasonal temperature changes/ diet changes/ body condition 

For both aquatic and terrestrial wildlife, changing seasons result in 
numerous concurrent changes in both the biotic and abiotic environ
ments. Not only do temperature ranges shift for several months, but 
often the availability of plant and prey species also shifts, resulting in 
large fluctuations in available diet from season to season (Ronconi et al., 
2010). With fluctuations in seasonal temperature and diet also come 
physiological changes such as the body condition of the impacted 
wildlife (e.g. lean versus fat). Therefore, changes in seasonal tempera
ture, diet, and body condition are tightly coupled, and for wildlife 
studies, often cannot be separated from one another. While these 
changes often come hand in hand, understanding how such changes 
might impact PFAS accumulation and distribution in wildlife is key in 
both the design and interpretation of PFAS wildlife studies. Currently, 
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several studies have documented associations between either diet or 
body condition (often related to the change in season) and PFAS within a 
single wildlife species including polar bears (Tartu et al., 2017), artic 
foxes (Aas et al., 2014), tawny owls (Bustnes et al., 2015), and bank 
moles (Ecke, 2020) (Table 2). Investigations into how PFAS-related 
proteins might be associated with the PFAS findings were not within 
the scope of these wildlife studies. Comparatively, other wildlife studies 
have observed no association between season and PFAS in studies 
investigating American alligators (Bangma et al., 2017b) and shad 
(Valsecchi et al., 2021). Both the alligator and shad studies observed 
high spatial variation within a small geographic location that could 
overwhelm seasonal trends in PFAS changes. This would suggest, for 
locations of high PFAS spatial heterogeneity such as areas with point 
sources of PFAS like aqueous film forming foams (AFFF) or large 
changes in emission sources, seasonality is of less impact on the vari
ability of PFAS in wildlife studies (Routti et al., 2017). Species territory 
range and migration patterns can also play a role in PFAS exposure and 
seasonality (Ortiz-Santaliestra et al., 2019). The takeaway from these 
studies investigating diet, body condition, and season is that each in
dividual study (and species) is likely to have its own unique set of var
iables influencing PFAS levels in the tissue of interest. 

3.4. Reproduction 

Numerous physiological changes occur for the successful reproduc
tion of wildlife that may impact the distribution of PFAS in wildlife 
tissues including changes in hormone levels, key-PFAS related proteins, 
and reorganization of nutrients from mother to fetus/egg/newborn 
(Peng et al., 2010; Houde et al., 2006; Gebbink et al., 2016). Maternal 
redistribution of PFAS to eggs or to newborn young through milk has 
been widely investigated in the literature as a source of maternal off- 

loading (Holmstrom and Berger, 2008; Grønnestad et al., 2017). While 
limited binding studies have been performed, PFAS transfer into eggs is 
hypothesized to be driven by a variety of proteins including low-density 
lipoprotein, high-density lipoprotein, and vitellogenin (a large phos
phoprotein precursor to vitellin) (Wang et al., 2019; Bangma et al., 
2018). In addition, yolk studies have observed differences in the rate of 
uptake of various PFAS into developing embryos (Morganti et al., 2021). 
Similarly, PFAS transfer through milk is hypothesized to be through 
PFAS binding with milk proteins (Fromme et al., 2010). Overall, 
reproduction is a relatively well documented mode of maternal redis
tribution of PFAS to the fetus, newborn, or egg in wildlife (Peng et al., 
2010; Houde et al., 2006). Of interest, one particular study focused on 
PFAS distribution in the liver of Striped mullet species as they progress 
through reproductive stages of oocyte development and observed 
interesting subtle fluctuations in several PFAS (Bangma et al., 2018) 
(Table 2). The authors of the study hypothesized that the observed 
trends may be linked to a complex interplay of nutrient transport to the 
liver and the production and transport of vitellogenin from the liver to 
developing eggs; however, they were unable to measure PFAS in eggs 
across all the sampled individuals to confirm. 

3.5. Health status 

The health status of individual wildlife can be key to physiological 
processes. Disease encompasses a multitude of aliments, but in very 
broad and general terms, disease can impact numerous physiological 
endpoints such as renal and hepatic function, food intake, and repro
ductive capacity (Lockley et al., 2020; Palikova et al., 2017). These 
disease driven physiological changes can be a result of concurrent 
changes in protein expression (Orth and Ritz, 1998). Authors hypothe
size that depending on the circumstance, disease-associated 

Table 1 
Selected wildlife aquarium-based studies investigating the impact of biotic factors on PFAS levels in biological tissues. All findings listed under observations are 
reported as significant in the referenced publication. * estimated total n based on study design for publications where total n was not explicitly stated.  

Abiotic 
Factor 

Species n (treatment 
group; time 
point) 

Total 
n 

Species 
age at 
treatment 

Duration 
of study 

PFAS 
Investigated 

PFAS Treatment 
Concentrations 

Observations Publication 

Salinity Marine Medaka 
(Oryzias 
melastigma) 

6 300 3 months 2 wks & 4 
wks 

PFOS, PFOA, 
PFBS, 
PFDoDA 

100 µg/L Increase in salinity (0, 15, 
and 35 PSU) led to 
increased PFOS and PFOA 
in whole body 
concentrations associated 
with increased gene and 
protein expression of 
FABP and OAT1 in the gill 

(Avellán- 
Llaguno, 
2020) 

Blackrock fish 
(Sebastes 
schlegeli) 

3 180*  60 days PFOS, PFOA, 
PFDA, 
PFUnDA 

10 µg/L Reductions in salinity (34, 
25, 17.5, 10 PSU) resulted 
in decreased uptake and 
elimination rate constants 
of PFDA, PFUnDA, PFOS 
but not PFOA in the 
serum. Serum and liver 
concentrations of 
individual PFCAs did not 
change over the 60-day 
period of investigation 

Jeon et al. 
2010 (Wen 
et al., 2017) 

Pacific oysters 
(Crassostrea 
gigas) 

4 180*  56 days PFOS, PFOA, 
PFDA, 
PFUnDA 

10 µg/L The distribution 
coefficients of PFOA, 
PFOS, PFDA, and 
PFUnDA in the whole 
oyster increased by 
2.1–2.7-fold as salinity 
increased from 10 to 34 
PSU 

Jeon et al. 
2010 (Cheng 
and Ng, 2017) 

Temperature Rainbow trout 
(Oncorhynchus 
mykiss) 

5 200 15 months 
old 

56 days PFOS and 
PFHxS 

500 μg/kg per 
fish per day 

Increased temperatures 
(from 7 to 19 ◦C) led to 
increased PFOS and 
PFHxS in liver but 
decreased concentrations 
in muscle 

Vidal et al. 
2019  
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physiological changes may lead to changes in the expression of key 
PFAS-related proteins, and thus alter the pharmacokinetics and distri
bution of PFAS in diseased wildlife. Here we survey the literature 
through the lens of how proteins impact PFAS rather than the impact of 
PFAS on proteins (as it relates to the onset, progression, or presence of 
disease). 

Unfortunately, wildlife studies examining associations between 
PFAS and disease are often limited to cross-sectional study designs, 
which restricts the ability to determine causation and will be discussed 
in more depth in the next section. Cross-sectional studies have investi
gated PFAS in both diseased wildlife and wildlife that have died due to 
disease, such as studies in Mozambique tilapia (Bangma et al., 2017c) 
and sea otters (Kannan et al., 2006) (Table 2). Overall, the number of 
studies investigating disease-associated protein changes on PFAS in 
wildlife is very limited. More research is needed to begin to understand 
how diseases impact key PFAS-related proteins and thus PFAS distri
bution in disease-affected wildlife. 

4. What can be learned from epidemiological studies on PFAS 

Designing wildlife and ecotoxicology studies that consider the 
breadth of factors that may influence PFAS-related protein dynamics is 
complex. However, there are some key parallels to consider from the 
epidemiologic literature on PFAS which underscore the issues presented 
throughout this review. 

Quantifying PFAS in biological matrices in wildlife studies provides 
an estimate of internal exposure that integrates across exposure sources 
and can take into account behavioral or genetic differences that may 
alter the uptake or metabolism of chemicals from the environment in 

heterogenous populations (Aylward et al., 2014). However, under such 
circumstances, variability in the populations’ measured exposure may 
be high, making it difficult to interpret or accurately use the measure to 
assess associations with outcomes of interest. With relevance to the 
PFAS literature, we have highlighted several additional abiotic and bi
otic factors that may influence measured PFAS concentrations in wildlife 
tissues (e.g., season, temperature, salinity), but these issues are also 
well-documented in environmental epidemiology (Aylward et al., 
2014). Overall, failure to account for factors contributing to PFAS 
variability may result in exposure misclassification as measured con
centrations may not reflect average exposure levels (Fig. 2) (Rothman, 
2012). 

For example, acute temperature changes have been shown to influ
ence tissue concentrations of PFAS in rainbow trout, as previously re
ported in Vidal, 2019, possibly via temperature-related changes in the 
expression and/or distribution of PFAS-binding proteins. Thus, tem
perature may be an important determinant of tissue-specific PFAS 
measures in some fish species. Not accounting for temperature at the 
time(s) of sampling may therefore result in unexplained variability in 
the distribution of PFAS measures and, ultimately, misclassification of 
the exposure. If unrelated to the outcome of interest, as depicted in the 
causal diagram shown in Fig. 2a, the effect of this misclassification is 
expected to bias results towards the null (e.g., no association between 
exposure and outcome), although this is not always the case (Weisskopf 
and Webster, 2017). Nevertheless, it remains critical to account for these 
types of factors in study design or data collection in order to accurately 
describe exposure characteristics in both human and wildlife 
populations. 

In some circumstances, the factors that influence measured PFAS 

Table 2 
Selected cross-sectional studies investigating the impact of biotic factors on PFAS levels in biological tissues of wildlife. All findings listed under observations are 
reported as significant in the referenced publication.  

Biotic Factor Species Total 
n 

PFAS Investigated Observations Publication 

Seasonal changes/ 
diet/ body 
condition 

Polar bears (Ursus 
maritimus) 

77 PFOS, PFHxS, PFOA, PFNA, PFDA, 
PFUnDA, PFDoDA, and PFTrDA 

Fasting polar bears (stable isotopes analysis) 
maintained higher plasma PFOS, PFHxS, PFOA, 
PFNA, and PFDA than non-fasting polar bears 

(Tartu et al., 2017) 

Arctic foxes (Vulpes 
lagopus) 

18 PFBA, PFPeA, PFHxA, PFOA, PFNA, 
PFDA, PFUnDA, PFDoDA, PFTriDA, 
PFTeDA, PFHxS, PFHpS, PFDS and 
FOSA 

PFDA and PFHpS concentrations in liver, kidney, and 
blood, and, PFNA in liver and blood, were twice as 
high in the lean compared to the fat foxes 

(Aas et al., 2014) 

Tawny owls (Strix 
aluco) 

107 PFHxS, PFHpS, PFOS, PFDS, PFOA, 
PFNA, PFDA, PFUnDA, PFDoDA, 
PFTriDA, and PFTeDA 

PFOS in eggs of tawny owls was negatively related to 
seasonal temperature, but the pattern was complex as 
there was an interaction between temperature and 
the feeding conditions. The PFOS accumulation was 
highest in years with high vole abundance and low to 
medium seasonal temperatures. 

(Bustnes et al., 
2015) 

Bank moles (Myodes 
glareolus) 

28 PFHxA, PFHpA, PFOA, PFNA, PFDA, 
PFUnDA, PFDoDA, PFTriDA, PFTeDA, 
PFPeDA, PFBS, PFHxS, PFOS, PFDS, 
and FOSA 

Higher seasonal PFAS in adult bank mole liver in 
Spring compared to Autumn that was PFAS and 
location specific. 

(Ecke, 2020) 

American alligator 
(Alligator 
Mississippiensis) 

229 PFBA, PFPeA, PFHxA, PFHpA, PFOA, 
PFNA, PFDA, PFUnDA, PFDoDA, 
PFTriDA, PFTeDA, PFBS, PFHxS, 
PFOS, and FOSA 

No seasonal changes were observed in plasma PFAS 
in male or female alligators 

(Bangma et al., 
2017b; Yang et al., 
2010) 

Shad (Alosa agone) 42 PFHxA, PFHpA, PFOA, PFNA, PFDA, 
PFUnDA, PFDoDA, PFTriDA, PFTeDA, 
PFHxS, and PFOS 

No seasonality was observed in PFAS in tissue 
compartments of sampled shad 

(Valsecchi et al., 
2021) 

Reproduction Striped mullet (Mugil 
cephalus) 

128 PFBA, PFPeA, PFHxA, PFHpA, PFOA, 
PFNA, PFDA, PFUnDA, PFDoDA, 
PFTriDA, PFTeDA, PFBS, PFHxS, 
PFOS, and FOSA 

PFOA, PFNA, and PFTriA increased in the maternal 
liver with sub-stage of oocyte development PFOS and 
its precursor PFOSA decreased in the liver with 
increasing stage of oocyte development 

(Bangma et al., 
2018) 

Health status Southern sea otter 
(Enhydra lutris nereis) 

80 PFOS, and PFOA Higher concentrations of PFOA and PFOS were 
observed in sea otters found to have died of infectious 
diseases compared to otters that were determined to 
have died of trauma 

(Kannan et al., 
2006) 

Mozambique tilapia 
(Oreochromis 
mossambicus) 

23 PFBA, PFPeA, PFHxA, PFHpA, PFOA, 
PFNA, PFDA, PFUnDA, PFDoDA, 
PFTriDA, PFTeDA, PFBS, PFHxS, 
PFOS, and FOSA 

Lower PFOS and PFHxS was observed in the liver, 
kidney, and plasma of tilapia diagnosed with 
pansteatitis when compared to healthy tilapia from 
the same location 

(Bangma et al., 
2017c; Lee and 
Schultz, 2010)  
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concentrations may be causally related to the outcome of interest, thus 
serving as potential confounders (Fig. 2b). For example, in one longi
tudinal study investigating the impact of PFAS on telomere length in 
adult Artic seabirds, Black-legged kittiwakes (Rissa tridactyla), the au
thors discussed a potential confounding effect of bird age on findings 
due to (1) the effect of age of PFAS accumulation, and (2) the rela
tionship between age and telomere length (Blévin et al., 2017). Several 
epidemiologic studies in humans also highlight this issue. As discussed 
throughout this review, albumin and other PFAS-binding proteins are 
key factors to consider in PFAS studies. In humans, kidney function (i.e., 
glomerular filtration rate) and albumin levels change as the result of 
hemodynamic changes throughout the course of pregnancy (Sagiv, 
2017). Not only are these changes related to concentrations of PFAS 
measured in maternal plasma, they are also suspected to relate to birth 
outcomes (Verner et al., 2015). Thus, studies that measure PFAS during 
pregnancy without accounting for potential hemodynamic changes may 
report spurious associations between PFAS concentrations and birth 
outcomes. This has been extensively debated with respect to the asso
ciation between PFAS and birth weight (Sagiv, 2018; Savitz, 2007; 
Savitz and Wellenius, 2017; Braun, 2018; Savitz and Wellenius, 2018). 
Moreover, PBTK models have demonstrated the potential for these fac
tors to confound research findings (Verner et al., 2015). This highlights 
the potential for the dynamic changes discussed throughout this paper to 

contribute to confounding by physiology in wildlife studies as well, 
although more research is warranted. 

Lastly, a key issue in using wildlife studies to determine causation is 
ensuring that temporality can be established within a given study 
design. In other words, exposure should precede the disease to support a 
causal relationship and to rule out the possibility of reverse causation 
(Fig. 2c). This is impossible to determine in studies where the exposure 
and outcome are measured at the same time (e.g., cross-sectional 
studies). For example, in wild-caught Mozambique tilapia (Oreochro
mis mossambicus) impacted with a rare inflammatory condition of the 
adipose called pansteatitis, significantly lower PFOS and PFHxS was 
observed in the liver, kidney, and plasma of disease-impacted in
dividuals (Bangma et al., 2017c). Although it is relatively well under
stood that PFAS is not the cause of pansteatitis, in this unique case 
authors were not able to unequivocally determine if the disease influ
enced the measured PFAS concentrations or if PFAS contributed to 
disease progression. This study can serve as an example for wildlife re
searchers to approach cross-sectional study designs in diseased wildlife 
with caution. Again, additional examples supporting this idea can be 
further found in the epidemiological literature. For instance, cross- 
sectional analyses in the C8 Health Study have suggested that PFAS 
exposure is associated with higher risk of earlier-onset menopause in 
adult populations (Knox et al., 2011). Notably, further research within 

Fig. 2. Directed acyclic graphs (DAGs) demonstrating hypothetical associations between tissue PFAS and health outcomes. The three scenarios demonstrate potential 
(a) misclassification/measurement error, (b) confounding, and (c) reverse causation driven by the influence of temperature changes on the expression of PFAS- 
related proteins. 
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this study population has indicated that the original findings were likely 
influenced by reverse causation and, instead, the onset of menopause 
caused an increase in serum PFAS concentrations (Dhingra et al., 2017). 
The proper interpretation of these findings required an understanding of 
how the change in physiological status influenced the excretion of PFAS. 
These studies also underscore the importance of utilizing longitudinal 
study designs (e.g., prospective cohorts) to corroborate findings from 
cross-sectional studies before determining causation. However, it should 
be noted that one drawback of using tissue-specific measures of PFAS in 
wildlife studies is that this may necessitate the use of cross-sectional 
study designs as it often requires sacrificing the animals under investi
gation. Thus, designing longitudinal studies may require the use of 
proxy measures of PFAS exposure (i.e., environmental media or non- 
invasive biomarkers) and may suffer from different sources of bias or 
uncertainty. 

5. Conclusions and recommended next steps 

The degree to which protein expression changes in response to dy
namic physiological changes can vary from species to species, but 
overall, the current literature indicates that protein levels change in 
wildlife as a response to variation in both biotic and abiotic conditions. 
These changes may be associated with alterations in PFAS accumulation 
and distribution in biological matrices, which must be considered to 
correctly interpret observations about PFAS. This review has focused on 
the few observations currently available in the literature that point to a 
general gap in knowledge on the subject and is ultimately leading us to 
call for concrete steps to strengthen study designs for wildlife bio
monitoring. Here we suggest some concrete take-home points and sug
gested next steps for wildlife researchers interested in incorporating the 
influence of dynamic protein fluctuations in their research which 
include:  

1. Understand your species of interest in relation to natural history to 
understand the most important biotic and abiotic variables (salinity, 
temperature, reproductive status, seasonal changes/body conditions, 
known health problems). Assess potential variables that may vary 
between sites or collection times to determine what variables have 
the greatest potential to induce physiological changes in the species 
in question and ensure these variables will be monitored during 
periods of data collection. Researchers should draw on existing 
bodies of work by state, nonprofit organizations, existing literature, 
and national wildlife agencies. Reach out to local wildlife experts (for 
instance, U.S. Fish and Wildlife Service and state agencies) for in
formation regarding the study species.  

2. Control for variables by appropriate study design, which can include 
sampling consistency (e.g. all fish are collected at the same time of 
year from regions with similar salinities) or accounting for recorded 
variables in final study analysis (e.g. include as covariates in statis
tical analyses). Authors of this review have created a general 
checklist of suggested items to help with study design, analysis, and 
interpretation (Supplemental file S1). 

3. Researchers working with wildlife should utilize previously devel
oped guidelines for reporting animal research (ARRIVE checklist; 
Supplemental file S2). ARRIVE guidelines maximize the quality and 
reliability of published research and enable others to better scruti
nize, evaluate and reproduce it.  

4. If strong associations are observed in a cross-sectional ecotoxicity- 
focused study between PFAS and an outcome of interest that is hy
pothesized to be causally linked and not a result of environmentally 
induced physiological changes, authors suggest following up with 
longitudinal based study if possible (controlled lab/aquarium based 
where applicable). If the target species is not amenable to lab/ 
aquarium-based study design, an evaluation should be undertaken 
to determine if a comparable lab species will respond to environ
mental perturbations in the same way as the target species.  

5. Integration of in vitro and computational approaches could help 
inform, interpret, and guide field and in vivo studies. In vitro studies 
can help determine binding affinity for different proteins highly 
expressed in tissues of interest and evaluate saturable uptake and 
elimination processes where membrane transporters play a role. 
These data can then be used to parameterize toxicokinetic models for 
sensitivity analysis or scenario testing of how changes in protein 
expression (e.g. the pool of available protein for binding) may affect 
bioaccumulation potential and tissue distribution. Given the abun
dance of different proteins and their varied roles in organisms, it is 
simply not possible to include all proteins in experimental research. 
By testing through the framework of a toxicokinetic model, specific 
protein types and expression levels can be tested for their influence 
on outcomes of interest (tissue concentrations, uptake and elimina
tion kinetics). In turn, toxicokinetic models run at a given concen
tration of proteins of interest can be used to tune PFAS exposure 
concentrations to elicit changes in kinetics and accumulation, which 
can then be tested in vivo. Models can also be used to help interpret 
changes observed across individuals by using individual protein 
expression levels and PFAS exposure concentrations or body burdens 
as model inputs.  

6. From the perspective of health outcomes, further research is needed 
to develop adverse outcome pathways for PFAS that will allow for 
testing the influence of changes in proteins on particular molecular 
events. 

Authors are aware we have only begun to scratch the surface of the 
complex and interrelated nature of environmental conditions, protein 
dynamics, and their influence on PFAS distribution in wildlife tissues. 
This niche of PFAS research is understudied and would benefit greatly 
from additional research efforts in the years to come. This review inte
grated evidence about the interplay of dynamic physiological changes, 
protein expression, and PFAS in wildlife to demonstrate the complexities 
of studying the effects of PFAS on animals in their natural environments. 
Ultimately, authors seek to improve the field of PFAS-related endpoints 
in wildlife species by encouraging investigators to consider the influence 
of protein dynamics on PFAS concentrations measured in animals. In 
light of these findings, we have made several recommendations about 
improving study design and data collection and to encourage trans
parency in the reporting of wildlife studies. 
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