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ABSTRACT: Exposure to poly- and perﬂuoroalkyl substances
(PFASs) has been linked to many negative health impacts in
humans and wildlife. Unlike neutral hydrophobic organic
pollutants, many PFASs are ionic and have been hypothesized
to accumulate in both phospholipids and protein-rich tissues.
Here we investigate the role of phospholipids for PFAS
accumulation by analyzing associations among concurrent
measurements of phospholipid, total protein, total lipid, and 24
PFASs in the heart, muscle, brain, kidney, liver, blubber, placenta,
and spleen of North Atlantic pilot whales (Globicephala melas).
The sum of 24 PFASs (∑24 PFAS) was highest in the liver
[median of 260 ng g−1; interquartile range (IQR) of 216−295 ng g−1] and brain (86.0 ng g−1; IQR of 54.5−91.3 ng g−1), while
phospholipid levels were highest in the brain. The relative abundance of PFASs in the brain greatly increases with carbon-chain
lengths of ≥10, suggesting shorter-chain compounds may cross the blood−brain barrier less eﬃciently. Phospholipids were
signiﬁcant predictors of the tissue distribution of the longest-chain PFASs: perﬂuorodecanesulfonate (PFDS),
perﬂuorododecanoate (PFDoA), perﬂuorotridecanoate (PFTrA), and perﬂuorotetradecanoate (PFTA) (rs = 0.5−0.6). In all
tissues except the brain, each 1 mg g−1 increase in phospholipids led to a 12−25% increase in the concentration of each PFAS.
We conclude that partitioning to phospholipids is an important mechanism of bioaccumulation for long-chain PFASs in marine
mammals.
signiﬁcant sink for PFAAs.13 Phospholipid−water partition
coeﬃcients and related proxies thus provide a potential
screening metric for bioaccumulation of organic ions.14−16
Here we investigate whether the phospholipid content of
marine mammal tissues can be used to predict PFAS
accumulation. We hypothesize that correlations between
phospholipid content and PFAS concentrations will vary on
the basis of their functional group and carbon-chain length.17,18
We further hypothesize that structural proteins and storage
lipids act as signiﬁcant sorption compartments for neutral or
semineutral PFASs. We test these hypotheses using concurrent
measurements of 24 PFASs, total phospholipids, total lipids,
and total protein concentrations across multiple organ tissues
in seven North Atlantic pilot whales (Globicephala melas). We

1. INTRODUCTION
Human exposure to poly- and perﬂuoroalkyl substances
(PFASs) has been associated with metabolic disruption,
immunotoxicity, and cancer.1,2 Many PFASs have long
environmental lifetimes and bioaccumulate in aquatic food
webs.3,4 As a result, seafood consumption is an important
human exposure pathway.5 Hydrophobic persistent organic
pollutants are known to accumulate in neutral storage lipids.6
However, factors controlling the bioaccumulation and tissue
distribution of diﬀerent PFASs are not fully understood.7−9
Perﬂuoroalkyl acids (PFAAs), an important subclass of
PFASs, are anionic under environmentally relevant conditions
and accumulate in certain protein-rich tissues such as blood
and liver.10−12 Two mechanisms for PFAA accumulation have
been proposed in prior work: (1) partitioning to phospholipids 8,13 and (2) binding to speciﬁc proteins. 9 Both
phospholipids and PFAAs contain a hydrophilic head and a
hydrophobic tail. The phospholipid model proposes that cell
membranes, which are composed of phospholipids, act as a
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use these data to better understand factors aﬀecting PFAS
accumulation and partitioning among mammalian tissues.

2. MATERIALS AND METHODS
Long-ﬁnned pilot whale samples were collected by the Faroese
Natural History Museum in the summer of 2016. Samples
were stored frozen at −20 °C at the Faroese Museum of
Natural History. We subsampled available tissues, including
muscle, heart, kidney, liver, brain, and blubber, from each
whale. For a subset of whales, placenta (n = 4) and spleen (n =
2) were also collected. Blood samples were not available for
analysis, and tissue samples were not exsanguinated prior to
being frozen and analyzed.
Tissue samples were analyzed for 24 PFASs at Harvard
University following established methods for extraction and
quantiﬁcation of PFASs as previously described by Weber et
al.19 and Zhang et al.20 Total protein was quantiﬁed with a BioRad DC Protein Assay kit.21 Total protein in these tissues
reﬂects the most prevalent type of protein (structural
proteins). Lipid extraction was based on the Folch method.22
Phospholipid levels were quantiﬁed with an EnzyChrom
Phopholipid Assay Kit (EPLP-100) from BioAssay Systems.
Additional details about PFAS, protein, and phospholipid
analyses are available in the Supporting Information.
Repeated tissue measurements within a whale violate
assumptions of independence in a traditional regression.
Therefore, we developed a mixed-eﬀects regression model
(eq S1) to quantify the importance of phospholipids, total
protein, and total lipid partitioning for PFAS accumulation. We
conducted sensitivity analyses to consider individual tissue
level eﬀects related to speciﬁc protein binding and membrane
permeability. For these analyses, we compared model results
using measurements from all tissues to models that removed
observations from selected tissue types. This avoids confounding from processes related to speciﬁc protein binding in the
liver and eﬀects of the blood−brain barrier on accumulation in
the brain. Further details of statistical analyses can be found in
the Supporting Information.

Figure 1. Measured concentrations of (A) the sum of 24 PFASs, (B)
phospholipids, (C) total protein, and (D) total lipid in each pilot
whale tissue. The dark line within the box represents the median, and
box hinges represent the ﬁrst and third quartiles. The whiskers
represent 1.5 times the interquartile range, and black points are
outliers. Common letters above each box indicate tissues with no
signiﬁcant diﬀerence between group comparisons using Tukey’s test.

alone represented 43% in the brain and between 10 and 28% in
the remaining tissues. The sulfonate with the longest carbon
chain, PFDS, made up 4% of ∑24 PFAS in the brain and <1%
in other tissues. The contribution of the semineutral precursor
FOSA to ∑24 PFAS ranged from 7% in liver to 25% in muscle.
A higher proportion of C9−C14 PFCAs observed in the brain
may reﬂect diﬀerential transport of speciﬁc PFASs across the
blood−brain barrier and/or diﬀerences in the amount and
types of binding proteins in cerebral spinal ﬂuid (CSF)
compared to whole blood. These ﬁndings are consistent with
results from Wang et al.23 that showed varying eﬃciencies for
PFASs crossing the blood−brain barrier in humans, although
this study did not reliably detect long-chain compounds.
Figure 2B shows diﬀerences in the distribution of individual
PFASs based on their carbon-chain length and functional
group. Phospholipid levels are highest in the brain. There, the
longest-chain compounds (PFDS, PFTrA, and PFTA) are
proportionally more abundant than in other tissues (Figure 1).
The highest concentrations of C9−C12 PFCAs, PFOS, and
FOSA are in the liver. Concentrations in the liver are highest
for PFUnDA (C11) and decrease for compounds with shorter
and longer carbon chains. An exception to this pattern is
PFHxA, which is almost exclusively present in the liver (Figure
2 and Table S3).
The liver contains high concentrations of speciﬁc proteins,
such as liver fatty acid binding protein (L-FABP). Prior work

3. RESULTS AND DISCUSSION
3.1. Tissue Speciﬁc Concentrations. Figure 1 shows
measured tissue speciﬁc concentrations of phospholipids, total
protein, total lipids, and the sum of 24 PFASs (∑24 PFAS).
Concentrations of the ∑24 PFAS do not vary with the same
pattern as total protein, total lipid, or phospholipids across
tissues (Figure 1 and Table S3). Signiﬁcantly higher
concentrations of ∑24 PFAS were found in the liver [median
of 260 ng g−1; interquartile range (IQR) of 216−295 ng g−1]
than in any other tissue, and the lowest concentrations were
present in muscle (20.5 ng g−1; IQR of 12.9−23.9 ng g−1) and
blubber (13.9 ng g−1; IQR of 13.3−14.5 ng g−1) (Figure 1A).
Levels of phospholipids were signiﬁcantly higher in the brain
than in any other tissue (Figure 1B). Total protein was not
statistically diﬀerent across the liver, kidney, muscle, spleen,
and placenta (Figure 1C). Total lipids were signiﬁcantly higher
in blubber than in any other tissue (Figure 1D).
3.2. Variability across PFASs and Tissues. PFOS,
FOSA, and PFCAs with 9−14 carbons (C9−C14) were
consistently the most abundant PFASs across tissues (Figure
2A). PFOS accounted for 9% of ∑24 PFAS in the brain and
18−26% in all other tissues. C9−C14 PFCAs accounted for
39% of ∑24 PFAS in blubber and 72% in the brain. PFTrA
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Figure 2. Distribution of PFASs measured in pilot whale tissues. (A) Average composition of 24 PFASs within each tissue. PFCAs and PFSAs are
indicated by carbon number (C4−C14), and the precursors FOSA as C8. MeFOSAA is indicated as Me, and EtFOSAA as Et, and ﬂuorotelomer
sulfonates are indicated by their carbon numbers. (B) Relative distribution of each PFAS across tissues. Compounds shown in panel A but not in
panel B were infrequently detected (<15%).

Figure 3. (A) Spearman correlations (rs) between measured compounds across whale tissues ordered and grouped by degree of correlation. The
intensities of blue and red show the strength of positive and negative correlations, respectively. Signiﬁcant correlations are denoted by asterisks (*p
< 0.05; **p < 0.005; ***p < 0.0005). (B) Example of the measured data underlying the correlation between phospholipids and PFDS.

shows L-FABP eﬃciently binds PFASs.24−26 Liver is also the
site of the production of albumin in mammals, another speciﬁc
protein that has been associated with PFASs.27−29 The
accumulation of PFHxA in the liver may thus reﬂect a speciﬁc
aﬃnity for these proteins. Alternatively, because the liver is the
primary site of metabolism, elevated levels of PFHxA in this
tissue may represent a high level of exposure to precursor
compounds. Urban runoﬀ, wastewater, and aqueous ﬁlmforming foams (AFFF) have all been shown to contain a large

fraction of precursor compounds that oxidize to PFHxA.30−33
Quantifying total precursors in ocean water or in tissues may
clarify the source of the observed liver levels in marine biota.
3.3. Association among PFASs, Phospholipids, Total
Lipid, and Total Protein. Figure 3A shows strong
correlations among PFASs with similar chain lengths (i.e.,
Spearman correlation rs = 0.98 for PFTA and PFTrA). PFSAs
are more correlated with longer PFCAs. For example, the
distribution of PFOS was most similar to that of PFDA (rs =
121
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Table 1. Results of Mixed-Eﬀects Regression Models Showing Percent Changes in PFAS Concentration for Each Milliram per
Gram Increase in Phospholipid, Protein, or Lipid Concentration
model without braina

model with all tissues
PFAS

no. of carbons

PL (%)

p

protein (%)

p

lipid (%)

p

PL (%)

p

protein (%)

p

lipid (%)

p

PFDS
PFTA
PFTrA
PFDoA
PFUnDA
PFDA
PFOS
FOSA
PFNA
PFOA
PFHxS
PFHpA
PFHxA
PFPeA

10
14
13
12
11
10
8
8
9
8
6
7
6
5

26
22
23
17
12
−
−
8.5
−
−
−
−
−
−

<0.001
<0.001
<0.001
0.001
0.025
−
−
0.005
−
−
−
−
−
−

−
0.9
1.3
1.3
1.8
1.7
1.4
1.3
2.0
1.0
−
1
1
1

−
0.049
0.006
0.005
0.001
0.001
0.002
<0.001
<0.001
0.001
−
<0.001
0.025
0.006

−
−
−
−
−
−
−
−
−
−
−
−
−
−

−
−
−
−
−
−
−
−
−
−
−
−
−
−

20
19
23
22
24
24
25
19
23
12
19
−
22
15

0.043
<0.001
<0.001
0.017
0.025
0.017
0.007
<0.001
0.007
0.003
0.034
−
0.023
<0.001

−
1.2
1.6
1.5
1.8
1.7
1.4
1.3
1.6
0.6
−
−
−
−

−
0.007
0.001
0.004
0.003
0.002
0.003
<0.001
0.001
0.005
−
−
−
−

−
−
−
−
−
−
−
−
−
−
−
−0.3
−
−

−
−
−
−
−
−
−
−
−
−
−
<0.001
−
−

a

Performed as a sensitivity analysis to test for confounding by brain speciﬁc processes such as the eﬀects of the blood−brain barrier.

3.4. Longest-Chain Compounds Pass the Blood−
Brain Barrier. Because PFAS measurements in the brain
appear to be driving the correlation with phospholipids (Figure
3B), we removed these observations as an analysis of sensitivity
for the mixed-eﬀects regression model (Table 1). The resulting
association with phospholipids is signiﬁcant for all compounds
except PFHpA (Table 1, model without brain). This model
indicates each 1 mg g−1 increase in phospholipids leads to a
12−25% increase in PFAS concentration (Table 1). These
results demonstrate the robustness of the phospholipid
association for the longest-chain PFASs and suggest that
diﬀering patterns of accumulation in brain tissue are
confounding the association for the shorter-chain PFASs.
The eﬀect of the blood−brain barrier on PFAS accumulation
is captured by diﬀerences between the two mixed-eﬀect
regression models (with and without brain measurements,
Table 1). Compounds with <10 perﬂuorinated carbons are not
associated with phospholipids in the model that includes brain
measurements. This suggests that the shorter-chain compounds may not eﬃciently cross the blood−brain barrier and/
or there are signiﬁcant diﬀerences in the types and levels of
proteins in the brain that bind PFASs compared to other
tissues. These results are consistent with elevated levels of
long-chain PFASs that have been observed in the brain of other
mammals.11,12 Our modeling approach suggests C12−C14
PFCAs and PFDS may cross the blood−brain barrier through a
process mediated by an association with phospholipids.
These results have important implications for the mechanisms of accumulation and toxicity of long-chain PFASs. For
example, in vitro studies have shown that PFOS can increase
the permeability of the blood−brain barrier.34 A study of
paired cerebral spinal ﬂuid and serum samples in humans
found that penetration of PFCAs across the blood−brain
barrier increased with chain length.23 An increase in carbonchain length has also been associated with a decrease in neuron
viability in rats35 and altered brain activity in polar bears.36
3.5. Implications for Bioaccumulation. In the simplest
case, without considering metabolism and kinetics, the ability
of a tissue to acquire a compound can be described by its
sorption capacity, KBW (eq 1).37−39 The total sorption capacity
will be dependent on (1) the relative volume fractions of each
sorption compartment [storage lipids (f SL), phospholipids

0.97), a PFCA with two more carbons, and PFDS exhibited the
highest correlation with PFTA, which has four more carbons.
This is consistent with the current understanding of the
varying aﬃnities of PFSAs for partitioning to phospholipid
bilayers compared to PFCAs.18,33
The longest-chain perﬂuoroalkyl acids (PFDS, PFDoA,
PTrDA, and PFTA) are signiﬁcantly correlated with
phospholipid content (rs = 0.50−0.60) (Figure 3A). The
most highly correlated compound is PFDS, and this relationship is driven by the high phospholipid levels measured in the
brain (Figure 3B). A pattern of decreasing correlation with
phospholipid levels with shorter-chain PFASs is also observed
(Figure 3A). By contrast, most other compounds were
signiﬁcantly correlated with total protein levels. The strongest
positive association with protein content was observed for
PFNA (rs = 0.58). The negative correlation between PFASs
and lipid content is driven by low PFAS concentrations but
high lipid levels in blubber. Diﬀerent patterns of correlation
across compounds point toward multiple mechanisms of
accumulation.
Results from mixed regression models (Table 1) show a
pattern consistent with the univariate correlations (Figure 3A).
The best model with all tissues shows signiﬁcant associations
with phospholipids for C11−C14 PFCAs, PFDS, and FOSA.
The strongest association is with PFDS. For each 1 mg g−1
increase in phospholipids, there is a 26% increase in PFDS.
Comparatively weaker but signiﬁcant protein associations are
apparent across all compounds except PFHxS (1−2% change
in PFAS per milligram per gram increase in protein). No
model retained signiﬁcant lipid association.
PFASs with more carbons are more strongly associated with
tissue phospholipid content (Figure 3A and Table 1, model
with all tissues). PFDS and PFOS are more strongly associated
with phospholipids than their corresponding PFCAs. These
patterns are consistent with accumulation that is driven by
both the hydrophobic forces from the ﬂuorinated tail and ionic
forces from the polar headgroup. These patterns are also
similar to the relative bioaccumulation potential reported for
diﬀerent PFASs,3 suggesting that phospholipid partitioning
may be a primary mechanism of bioaccumulation in marine
mammals.
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(f PL), structural proteins (f SP), and binding proteins ( f BP)]
and (2) the aﬃnity of each compound for each sorption
compartment described by their respective partition coefﬁcients (KSL,W, KPL,W, KSP,W, and KBP,W). For hydrophobic
POPs, the octanol−water partition coeﬃcient, KOW, is used as
a surrogate for KSL,W and dominates eq 1.

model of bioaccumulation that incorporates these mechanisms.
An improved mechanistic understanding of factors aﬀecting
tissue accumulation of legacy PFASs can inform management
strategies for replacement compounds that exhibit similar
properties. Many of the PFASs measured here will not degrade
in the environment, and they have continued to be present in
marine biota long after product phase-outs.45 Understanding
the mechanisms that drive the accumulation of PFASs in
biological systems is critical for mitigating risks of legacy
PFASs and predicting the future behavior of the much wider
class of replacement compounds.

KBW = C PFAS/Cwater
= KSL,W fSL + KPL,W fPL + KSP,W fSP + KBP,W fBP + fW
(1)

■

The regression model we developed in this study (eq S1)
parallels that of eq 1. We can therefore compare patterns in the
regression coeﬃcients with distribution coeﬃcients estimated
empirically by other means. Experimental measurements
conﬁrm that PFASs can be incorporated into phospholipid
bilayers and that the strength of these interactions diﬀers
according to carbon-chain length and functional group.18,33,40
In fact, all estimates of KPL,W increase with carbon-chain
length,13,17,38 which is consistent with the increase in the level
of association with chain length observed in this study (Figure
3).
Several studies report a curvilinear relationship between
chain length and protein water association constants (KPW).
Literature estimates of KPW based on albumin aﬃnity show
peak binding aﬃnity in PFCAs with anywhere from seven
(PFHpA) to nine (PFNA) carbons.27−29 A similar peak in
protein association for PFNA is observed in this study,
although the protein measurement reported here represents
total proteins (Figure 3). Albumin is found in the blood, and
while we were unable to obtain paired blood samples from
these whales, associations with L-FABP show a similar
nonmonotonic relationship between chain length and binding
aﬃnity with a maximum occurring at 11 carbons (PFUnDA).26
Figure 2B shows the relative proportion of PFASs in liver peaks
at PFUnDA, which is consistent with the binding aﬃnities for
L-FABP.
PFASs can also be transported by organic anion transporters
(OATs) and organic anion-transporting polypeptides
(OATPs), which control reabsorption of organic anions from
urine in the kidney.41−43 These transporter proteins as well as
Na+/taurocholate co-transporting polypeptide (NTCP) have
also been shown to be important for mediating uptake of
PFASs in the liver.44 In contrast, the brain has very low levels
of transporter proteins and may therefore reﬂect PFASs that
are more passively permeable. Variability in PFAS aﬃnities for
speciﬁc proteins may therefore account for the additional
variability not explained by the phospholipid associations
modeled in Table 1 and should be explored in future work.
The protein measures presented here represent total protein
and do not distinguish among speciﬁc proteins that have been
associated with PFASs. On a related note, the presence of
residual whole blood in the tissue samples may obscure the
interpretation of some of the results such as the lack of a
signiﬁcant diﬀerence in total proteins across many of the
tissues (Figure 1C) or the distinct results observed for brain
measurements (Table 1). Future studies may wish to
concurrently measure speciﬁc proteins and PFASs to further
clarify the role of proteins. Despite these limitations, the
signiﬁcant associations with phospholipids observed in this
study point to their importance for accumulation of PFASs.
Our data are consistent with both protein and phospholipid
accumulation for PFASs and can be used to develop a broader
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