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Abstract

Adverse health effects associated with exposures to per- and polyfluoroalkyl substances
(PFAS) are a concern for public health and are driven by their elimination half-lives and
accumulation in specific tissues. However, data on PFAS binding in human tissues are limited.
Accumulation of PFAS in human tissues has been linked to interactions with specific proteins and
lipids in target organs. Additional data on PFAS binding and unbound fractions (funbound) in Whole
human tissues are urgently needed. Here we address this gap by using rapid equilibrium dialysis
to measure the binding and funbound Of 16 PFAS with 3 to 13 perfluorinated carbon atoms (7prc = 3-
13) and several functional head-groups in human liver, lung, kidney, heart, and brain tissue. We
compare results to mouse (C57BL/6 and CD-1) and rat tissues. Results show that funbound
decreases with increasing fluorinated carbon chain length and hydrophobicity. Among human
tissues, PFAS binding was generally greatest in brain>liver=kidneys=heart>lungs. A correlation
analysis among human and rodent tissues identified rat liver as suitable surrogate for predicting
funbound for PFAS in human tissues (R? 20.98). The funouna data resulting from this work and the rat
liver prediction method offer input parameters and tools for toxicokinetic models for legacy and

emerging PFAS.

Synopsis: Similar PFAS binding in human and rodent tissues suggests rat liver is a useful model

tissue for predicting PFAS accumulation and tissue distribution in humans.

Keywords: PFAS, unbound fractions, tissue binding, species correlation, equilibrium dialysis
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1. Introduction

Per- and polyfluorinated alkyl substances (PFAS) are a diverse class of anthropogenic
chemicals with a wide range of commercial and industrial applications. ' Their extensive use has
resulted in detectable concentrations in drinking water, ambient air, animals, and in virtually all
humans. "' PFAS exposures are associated with adverse health outcomes, such as thyroid
hormone disruption, decreased response to vaccination, ™ dyslipidemia, '* and hepatotoxicity. '®
Slow elimination and strong tissue accumulation of PFAS are typically associated with increased
toxicity. ' While hundreds of PFAS have been detected in the environment, tissue-specific
accumulation has been tested only for a handful of PFAS. '® Accumulation and slow elimination
of PFAS in humans have been associated with binding to isolated biomolecules; %' however,
they have not yet been linked to PFAS binding to whole tissues. Data and predictive tools for
characterizing PFAS binding in whole human tissues are needed and are the focus of this work.

PFAS with long fluorinated carbon chains (7w 27), such as perfluorooctanoic acid (PFOA,
neic = 7) and perfluorooctane sulfonic acid (PFOS, 7t = 8), show strong accumulation in humans
and have elimination half-lives that range between 3-6 years. ?>?* In contrast, short-chain PFAS
like perfluorobutanoic acid (PFBS, 7,1 = 3) are eliminated by humans in weeks. % After absorption
in the gastrointestinal tract, PFAS pass through liver and enter the circulatory system. 22628 For
PFAS with e 27, binding to proteins and phospholipids are thought to determine elimination half-
lives. 23" For PFAS with 7,<6, membrane transporters, enterohepatic recirculation, and renal
tubular reabsorption may play a more important role in tissue distribution. 32 Binding of PFAS to
tissues is driven by their physicochemical properties (e.g., 7, hydrophobicity, pKa), the
macromolecular composition of the tissue (e.g., structural proteins, phospholipids), and
abundantly expressed functional proteins (e.g., fatty acid binding proteins and albumin). 3*** An
increasing number of structurally diverse PFAS means there is a need to systematically

characterize PFAS binding to human tissues and identify the physicochemical properties that
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drive tissue accumulation. However, PFAS binding to human tissues beyond plasma have not yet
been measured.

The unbound fraction of chemicals (funwound) in tissues is typically the amount that is
available for inter-tissue transport and interacts with molecular targets that elicit toxic effects. *°
funbound IS inversely correlated to the tissue binding affinity, which can be quantified by the tissue-
water partition coefficient (Kissuenw). 2! PFAS that are bound to tissue components (e.g., proteins,
phospholipids) are considered unavailable for renal and hepatic clearance until being desorbed
as unbound PFAS are eliminated, *** thereby prolonging elimination half-lives. At steady-state,
unbound concentrations (Cunbound) are expected to be similar among tissues, assuming negligible
influence of membrane transporter-mediated flux. *° finound @and Kissuew Can be used to predict
tissue-specific accumulation and elimination half-lives. Comprehensive studies on experimental
funbound @Nd Kiissuew in Whole human tissues are urgently needed to assess PFAS accumulation
and tissue distribution in humans.

Previous studies measured PFAS binding to isolated macromolecules, such as proteins
(bovine serum albumin [BSA] “**', human serum albumin [HSA] *?, fatty-acid binding protein
[FABP] *®) and phospholipids. ** Partition coefficients derived from such studies have been used
to parameterize physiologically-based toxicokinetic (PBTK) models and simulate fuound @and the
tissue distribution of PFAS. 19202931 Machine-learning and molecular dynamics simulations are in
silico substitutes to experimental derivation of fuwound and tissue binding. *° While these
simulations provide mechanistic insights into the interaction of PFAS with single biomolecules, *®
they have rarely been evaluated against experimental fuouna in Whole tissues. Rodent tissues
have been used to generate data on funwouna for diverse pharmaceuticals that were useful for
predicting funbound in human tissues. “¢*° Extending tissue partitioning measurements for PFAS in
rodents to humans might similarly be useful.

The main objective of this work was to evaluate the suitability of funbouna and Kissuemw

measured in rodent model tissues for predicting PFAS binding in human tissues. Furthermore,
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this is the first study to report unbound fractions in various human tissues. This study leverages
a well-established framework for pharmaceuticals and a high-throughput equilibrium dialysis
method®®*2 to measure funbound and Kiissuerw Of 16 PFAS with 77,1 3—13 and different functional head
groups (carboxylic acids, sulfonic acids, and sulfonamides) in brain, heart, kidney, liver, and lung
tissues of humans and rodents (mouse, rat). These tissues were selected because they have
been shown to accumulate PFAS in humans. '®2" Inter-species and -tissue correlation analyses
were used to evaluate how well various rodent tissues predicted funbouna in human tissues.
Regression modeling was applied to assess the relationship between physicochemical properties
of PFAS and their funouna in various tissues. Using our data, we discuss potential mechanisms
driving PFAS toxicokinetics in humans and the suitability of rodent surrogate tissues as a fast and

straightforward tool for predicting human PFAS tissue distribution.
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2. Materials and Methods
2.1 Chemicals and Reagents.

The study PFAS included 11 perfluoroalkyl carboxylates, 3 perfluoroalkyl sulfonates, 1
perfluoroalkyl sulfonamide, and 1 fluorotelomer sulfonate. Physicochemical properties of PFAS
ranged from 7, from 3 to 13, molecular weight (Mw) from 214.04 to 714.11 g/mol, pKa from -0.21
to 6.25, °* and octanol-water distribution coefficients (logD, pH: 7.0) from 2.23 to 10.11 (Tables
S1 and S2). Standards for perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPA),
perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid
(PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic
acid (PFUDA), perfluorododecanoic acid (PFDoDA), perfluorotridecanoic acid (PFTriDA),
perfluorotetradecanoic  acid (PFTeDA), perfluorohexane sulfonic acid (PFHxS),
perfluorooctanesulfonamide (PFOSA), and 6:2 fluorotelomer sulfonate (6:2 FtS) were purchased
from AccuStandard. Standards for perfluorobutane sulfonic acid (PFBS) and perfluorooctane
sulfonic acid (PFOS) were purchased from Sigma-Aldrich. Brain, heart, kidney, liver, and lung
from commonly used rat and mouse strains (Wistar Han rat, CD-1 and C57BL/6J mouse) were
obtained from BiolVT and the Pfizer Drug and Safety Research & Development (DSRD) tissue
bank and pooled by sex. All mouse and rat work was performed according to Pfizer Global
Research policies and procedures. Human heart, kidney, liver, and lung were purchased from
BiolVT, and human brain was obtained from the NIH NeuroBioBank® as a pool of 2 male and 2
female donors. All human tissues were processed following University of Rhode Island and Pfizer
Institutional Review Board approved protocols. The equilibrium dialysis device (HTD96) and
cellulose membranes with a molecular weight cutoff of 12-14 kDa were obtained from HTDialysis,

LLC. All other reagents were purchased from Sigma-Aldrich unless otherwise specified.
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2.2 Tissue homogenization and preparation

Tissues were processed according to previously described methods. " Briefly, frozen
tissues were completely thawed in a 37°C water bath. Small incisions were made to the tissues
to minimize blood contamination. Thawed tissues were soaked in Dulbecco’s phosphate-buffered
saline (DPBS, pH: 7.4, ThermoFisher) for five minutes. The pH in the suspension was measured
for all experiments. Tissue samples were subsequently dried with paper towel, weighed, and
diluted to either 1:5 or 1:10 (brain) using DPBS. Tissues were homogenized using a TH tissue
homogenizer (Omni). In a second step, the tissues were homogenized further using a glass

dounce homogenizer (Wheaton).

2.3 Equilibrium Dialysis

The equilibrium dialysis methods used an HTD 96 micro equilibrium device for binding
studies that was similar to previously reported techniques. °>*? Briefly, DBPS buffer solution
containing PFAS was prepared. The receiver concentration was ~five-fold the estimated funbound
concentration based on preliminary data using the same test setup or was assumed to be 0.001
(unitless) if no prior data were available. Porous membranes of the dialysis apparatus were pre-
saturated twice with 250 pyL of PFAS-spiked DBPS buffer for one hour and overnight (~18 h),
respectively. Stock solutions of single PFAS in dimethylsulfoxide (DMSO) were prepared and
added to tissue homogenates yielding final concentrations of 5 uyM (1% DMSO). This
concentration was chosen to optimize the LC-MS/MS signal while maintaining a PFAS-to-tissue
homogenate ratio that avoids saturation effects observed for proteins like serum albumin. 35 150
ML of PFAS-free DBPS were added to the receiver and 150 uL of PFAS-spiked tissue
homogenates were added to the donor side. Replicates (n=4) of PFAS:tissue combinations were
tested. The HTD was sealed with a gas-permeable membrane (Sigma) and shaken at 200 rpm at
5% COq/air, 75% relative humidity, and 37 °C for 18 h. For protein and tissue precipitation, 15 uL

of buffer and 45 pL of tissue homogenate were transferred into a 96-deep well plate. To ensure
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there were no interferences between wells during the LC-MS/MS run, an additional 45 uL of blank
matrix was added to the buffer side and 15 uL of blank buffer to the matrix side in the sample
plate to create matrix-matched samples. The samples were quenched with 200 pyL of cold
acetonitrile containing tolbutamide (30 nM) and carbamazepine (12 nM) that were used as internal
standards to monitor the performance of the LC-MS/MS. The plates were sealed, vortexed for 1
min, and centrifuged at 3000 rpm for 5 min. Supernatant was transferred to a new 96-well,

evaporated under nitrogen gas, and analyzed by LC-MS/MS. funbound Were calculated as

Receiver Area Ratio

Diluted funbound,d - (1)

Donor Area Ratio

1/DF

((1/funbound,d)_1>+1/DF>

where DF is the dilution factor and funbound,a is the diluted funsound. All calculations are based on area

Undiluted funbound = ( (2)

ratios (analyte/internal standard) within the linear range of calibration curves. Stability and
recovery of PFAS concentrations were tested in parallel for all experiments and were above
quality control thresholds (>70% recovery) in all experiments for all test compounds. Tissues that
were not spiked with PFAS were used as controls and showed no or minimal background levels

of the target compounds that did not infer with the data analysis.

2.4 LC-MS/MS Quantification

For analysis, samples were reconstituted in HPLC grade water/acetonitrile 50/50 (v/v) and
vortexed for 1 min. LC-MS/MS analyses were performed on a SCIEX Triple Quad 5500 mass
spectrometer (SCIEX) equipped with Turbo lon Spray interface. The full analytical method is

described in Section S2 and Table S3 of the Supporting Information (SI).

2.5 Scalar Determination and Statistical Data Analysis
Multiple analyses were conducted to evaluate the relationships between funbound across

tissues and species following previous studies. *’*® The variability in quadruplicate funbound Were
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log normally distributed, justifying the use of a log transformed fuwouna for statistical analysis.
Geometric mean funvouna Values for each PFAS were analyzed across tissues (brain, heart, kidney,
liver, lung) and species (human, rat, mouse). To determine if rodent tissues can predict PFAS
binding in human tissues, we tested if existing scaling factors that were derived for
pharmaceuticals*’ can be used for PFAS. Scaling factors are drug-independent numerical
coefficients that account for species-species differences in tissue composition and binding affinity,
enabling the extrapolation of drug distribution data from animal models to humans. New scalars
for brain tissue funbound from rat liver for this PFAS set by minimizing sum of squared errors (SSE)
between observed and predicted values as

SSE = ). (ln(Predicted) — ln(Observed))2 (3)
Scatterplots on the log scale were used to visualize the strength of relationships between rat liver
funbound @nd other species/tissue combinations. Mean absolute fold differences (MAFD) and
Spearman’s rank correlations were used to quantify the agreement and were calculated as the
exponentiated mean of absolute log funvound differences, equivalent to mean absolute error on the
log scale. Plots and summary statistics were produced with and without scalars. To evaluate the
equivalence of geometric mean fuwound Values across species and tissues, we employed the two
one-sided tests (TOST) for average bioequivalence. “°¢°" The TOST procedure tested if the true
geometric mean funvouna differences between species/tissue pairs were within a 2-fold difference,
resulting in 19 total statistical comparisons. The p-values and confidence intervals were adjusted
using the Bonferroni adjustment to maintain a family-wise error rate of 0.05 and corresponding
confidence intervals. *® This test was performed before and after the application of scalars. The
TOST procedure was also employed to assess equivalence for similar tissues between species.
As all pairwise comparisons of species were assessed, the less conservative {-correction®® was
used to adjust the intervals and maintain a family-wise error rate of 0.05. The data were analyzed

using R and the plots were created via the ggplot2 package. ®’
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2.6 Partial Least Squares Regression (PLSR)

Relationships between PFAS physicochemical properties and funbounda in tissues were
investigated using a Partial Least Square Regression (PLSR) multivariate approach. We used
funbound iN the liver, brain, heart, kidney, and lung tissue to develop regression models. PLSR is a
multivariate approach that allows many responses (i.e., funbounda iN various tissues) to be
incorporated in one regression model. PLSR performs a descriptor dimension reduction
procedure and constructs a set of latent components that maximize the total descriptors variance
in the dataset to generate the model with the best predictive power for the target responses. %
Using the PLSR approach, we developed four models based on the experimental funbound results
obtained from the four organisms: C57, human, mouse, and rat. A total of 20 physicochemical
properties were calculated from Molecular Operation Environment (MOE) software version
2018.01 (Chemical Computing Group ULC) and Dragon software version 6.0 (Talete srl). These
property descriptors were combined to train and validate the PLSR models for the 16 study PFAS
using the standard Leave One Out Cross Validation (LOOCYV). In the LOOCV procedure, a PFAS
was considered as a test set for model evaluation and the remaining 15 PFAS were used as
training set for developing the model. This process was repeated 16 times, such that each PFAS
was used as a test set once. Parameters for building the model (i.e., number of components)
were tuned using a grid search in the cross-validation process. The optimal number of
components was determined to be four for the model developed for humans, and three for the

models developed for C57, mouse and rat.

11
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3.0 Results & Discussion

Unbound fractions of PFAS in human and rodent tissues. funound in human, rat, and
mouse tissues generally decreased with molecular weight (M) and octanol-water distribution
coefficient (logD) of the tested PFAS (Figs. 1, S1, S2). funbound Of the tested PFAS varied by six
orders of magnitude (6.8 x 10 to 0.3), with six of the 16 PFAS being >99.999% bound. The SI
contains all data on funwound @nd coefficients of variation (Tables S4-S7). Higher molecular weight
(Mw) PFAS with longer perfluorinated carbon chains and higher logD have high tissue binding
affinity, resulting in lower funbound than the shorter-chain, low My PFAS with low logD.
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Figure 1. A. funbound in human (“H”) and rat (“R”) liver, brain, heart, kidney, and lung tissue plotted
against the molecular weight (g/mol) of the 16 study PFAS. B. Tissue/water partition coefficients

of the 16 study PFAS in human liver, brain, heart, kidney, and lung tissue.
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We observed a strong relationship between My and funbound. FOr example, PFTeDA (My:
714) exhibited a low funbound in human liver tissue (6.8 x 10°°), in contrast to PFBA (My: 214), which
showed six orders of magnitude higher funouna Of 0.3. Both PFAS are carboxylic acids, but the
increase in fluorinated carbon chain length and lipophilicity resulted in a 45,000x stronger binding
of PFTeDA (rpic = 14; logD: 10.11) than PFBA (7,1 = 3; logD: 2.2). A similar trend for binding to
serum albumin and globulins was recently reported, where carboxylates showed increased
binding as My, increased up until a plateau at a Mw = 500-600 g/mol. ?° Interestingly, this plateau
was not observed in this study (Fig. 1). Past work suggested phospholipid concentrations drive
accumulation of 7, 210 PFAS in the brains of marine mammals. % Accordingly, binding of PFAS

to isolated phospholipids increased linearly up until PFDA, 3064

indicating funbound Of long-chain
PFAS to be driven by phospholipid binding more than by protein binding.

Fig. 1B shows the funwound data converted into Kissuerw Values to facilitate comparisons to
human tissues. Kissuew Values were highest in brain tissues for 14 of the 16 PFAS. This potentially
reflects the high protein and membrane lipid content of human brain tissue, % which are known to
strongly bind long-chain PFAS. ***' Comparable binding among human liver, kidney, and heart
tissues was observed, with small variations among the PFAS tested. Binding in lung tissue was
relatively low, especially for 7.t = 10-13 carboxylic acids, which may reflect its low phospholipid

content. &

Strong correlation between PFAS tissue binding in humans and rodents. Pairwise
comparisons for all tissues and species demonstrated a strong association between log-
transformed funbound Of PFAS between all tissues and species combinations (Figs. 2, S3, R?20.97).
These results suggest humans and rodents exhibit similar PFAS tissue binding for the brain,
heart, lung, liver, and kidney. Spearman Rank Correlations among all the comparisons ranged
from 0.96 to 1 (Table S8). These data demonstrate approximate inter-matrix agreement between

funbouna Of PFAS across the different species and tissue types. A Two One-Sided Tests (TOST)

13
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265

procedure for multiple comparisons was conducted within tissue pairwise species comparisons
funbound Values for all tissues (Fig. S4). A 2-fold difference threshold analysis was employed to
determine equivalence. “¢*° Of note, the highest concordance in log-transformed funbound between
human and rodent species was found for human tissues and rat liver (Fig. S5, R? 20.98),
suggesting the utility of rat liver as a model tissue for estimating the binding of PFAS in human

tissues.
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Figure 2. Pairwise comparison of human tissue funbound Versus rat tissue funbound for brain, heart,
kidney, liver, and lung. Red dashed lines indicate 1:1 correlations.

Rat liver as a surrogate for predicting tissue binding of PFAS in humans. Previous
work on pharmaceuticals has used rat liver funouna @s a surrogate for estimating funbound in human

heart, liver, lung, kidney, and brain tissues. *’ In this work, funsound Was not found to depend on
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266  species and application of scaling factors for any differences allowed robust predictions of human
267 tissue binding. % In this study, we adapted previously established scalars*’ to predict tissue
268  binding of PFAS in humans using rat liver as model tissue. Comparisons of rat liver funbound @against
269  the funbouna fOr multiple tissues and species, with and without scalars, are shown in Figs 3a and 3b
270  with 2-and 10-fold thresholds. Most comparison matrix pairs had a pre-scalar mean absolute fold
271 difference (MAFD) below 2.0 except for human and rat lung showing an MAFD of 2.04 and 2.21
272  (Table S9), respectively. The MAFD after applying scalars against rat liver funbound ranged from
273  1.19to 1.57, indicating 2-fold equivalence across all data sets. The Spearman rank correlation of
274  ratliver against all combinations showed a high correlation with a range between 0.965 and 0.997
275 (Table S9).
276  Table 1: Equations to scale fuound from rat liver to human and mouse tissues.
Tissues Human funbound Rat (Wistar Han) funbound Mouse (CD-1; C57BL/6) funbound
1
1 1 <1 +1.64 - (m - 1))
Brain <1 +1.78 - (m - 1)) <1 +1.68 - (m - 1)) 1
<1 +1.75 - (m - 1))
Heart funbound rativer funbound rativer funbound rativer
1 1 1
Kidney <1+O.462 : (m - 1)) <1+O.589 : (m - 1)) <1+O.761 : (m - 1))
Liver funbound rativer funbound rativer funbound rativer
1 1 1
Lung <1+O.468 : (m - 1)) <1+o.359 : (m - 1)) <1+O.416 : (m - 1))
277
278 Bonferroni adjusted TOST analysis across all species and tissues against rat liver funbound
279  values before and after applying scaling factors improved concordance between species (Fig. 3).
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New scaling factors for brain tissue were estimated based on our PFAS data set (Table 1). The
agreement between rodent and human funvouns, When applying scalars previously derived for
pharmaceuticals, *’ validates their use for extrapolating PFAS tissue binding across species.
Using the scalars, all tissue types were statistically 2-fold equivalent to rat liver, except brain (Fig.
3). Rat brain was concordant with rat liver for pharmaceuticals, 4’ this was not the case for our
PFAS data set. The higher binding for brain in this study may be due to the higher phospholipid
content of brain compared to other tissues. ¢ For example, PFOSA (logD: 5.5) had a MAFD of
1.02 when comparing liver against brain for all species, whereas PFOS (logD: 6.8) had a MAFD
of 2.06. Although brain binding for all species was not within the 2-fold equivalency threshold,
data were within 3-fold. Overall, our study suggests equivalence of fuwound values between all
groups against rat liver when scaling factors*’ are applied, suggesting rat liver can be used as a

surrogate for predicting PFAS tissue binding in future studies.

2-Fold Equi Not Signi

A. B.

Brain |

Brain-

Heart Heart

Human
Human

Kidney Kidney

Liver Liver

Lung- Lung-

Brain | Brain-

Heart Heart

Kidney Kidney

Rat (Wistar Han)
Rat (Wistar Han)

Lung- Lung-

Brain Brain

Heart Heart

Kidney Kidney

Mouse (CD-1)
Mouse (CD-1)

Liver Liver-

Lung Lung-

Brain | Brain-

Heart Heart
Kidney Kidney

Liver Liver

Mouse (C57BL/6)
Mouse (C57BL/6)

Lung Lung-

0.5 1 2 0.5 1 2
Geometric Mean Fold Difference Over Rat Liver Geometric Mean Fold Difference Over Scaled Rat Liver

(Bonferroni Adjusted Intervals) (Bonferroni Adjusted Intervals)

Figure 3. Bonferroni adjusted Two One-Sided Tests (TOST) procedure analysis tissue funbound
equivalence test against rat liver funound With unscaled (A) and scaled (B) values.

Physicochemical properties drive tissue binding of PFAS. Results of this study show
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a clear relationship between PFAS molecular weight and funbound, s well as logD and funbound (Figs.
1, S1). As a next step, we applied Partial Least Squares Regression modeling to investigate the
relationship between 20 physicochemical properties of PFAS and their funbouna in tissues of the
four species/strains (human, rat, CD-1 mouse, and C57BL/6 mouse). The results demonstrated
strong associations between physicochemical properties and fuound (Table S10). The correlation
coefficients (R?) of leave one out cross validation are in the range from 0.95 to 0.99. By conducting
a descriptor analysis on the resulting models, we assessed the relative importance of individual
physicochemical properties of PFAS to their overall tissue binding, based on their mean
coefficients in determining log-transformed funvound (Table S11). Molecular weight and pKa were
found to have the highest contributions to predict funnouna @mong all 20 physicochemical descriptors
in resulted models (Table S11). All three lipophilicity descriptors, especially logD, contributed
positively to funouna predictions (mean coefficients > 0). These results agree with previous studies
that demonstrated significant correlations between molecular weight, hydrophobicity, fluorinated

carbon chain length and the binding strength of PFAS to isolated tissue macromolecules like

29,38,41,42 30,44

albumin , structural proteins, 3! and phospholipids.

Significance of tissue binding to PFAS toxicokinetics. The generally strong and My-
dependent funbouna Of PFAS in tissues suggest that tissue binding is essential for understanding
the distribution and the accumulation within tissues. Results showed binding of PFAS was
comparable between liver, kidney, and heart tissues. This suggests that specific binding proteins
may be less critical for tissue accumulation than previously postulated. For example, the liver is
enriched in liver-type fatty acid binding proteins (L-FABP), yet tissue binding to liver was
comparable to other tissues (<2-fold difference for 14/16 PFAS). This indicates that L-FABP may
be less important for tissue retention than previously suggested. °® Data from this study suggest
that macromolecules (e.g., structural proteins, phospholipids) that have comparable contents

among tissues are the primary drivers of relatively small differences in funbound-
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Comparability to animal studies and human cohorts. The long half-lives of long-chain
PFAS in humans are thought to be a function of strong tissue binding. ® Differences between
human and rodent toxicokinetics have been proposed as factors affecting PFAS exposures. For
example, organic anion transporters (OATSs), ° organic anion transporting polypeptides (OATPs),
" and permeability have all been proposed as important determinants of human exposures. **
However, PFAS bound in tissues are unavailable for elimination from the circulatory system
through renal and biliary clearance. 3 Notably, we found that fuwouna correlates well with
elimination half-lives of PFAS in humans (Fig. S6). For example, the funbouna Of PFOS in human
tissues was 5.8-11.3 times lower than for PFOA, which corresponds to the difference in observed
elimination half-lives between the two PFAS (PFOA: 3.8 years, PFOS: 5.4 years). %

Previous rat and mouse studies reported liver PFOS concentrations that were ~20-fold
higher than in lung and kidney tissue. %>’ In contrast, our results suggest liver/kidney and
liver/lung concentration ratios of 0.53 and 1.5. Rodent studies using oral administration may not
reflect steady-state exposures in humans because PFAS pass the gastrointestinal barrier and
may accumulate in the liver after absorption from the gut. In this work, tissue/tissue concentration
ratios derived from experimental Kissuew Were compared to equivalent concentration ratios
measured in human cohort studies. Interestingly, liver/tissue concentration ratios were similar
between binding experiments and in humans for the long-chain PFNA and PFOS (7 = 8),
whereas PFHXS (7,rc = 6) and PFOA (7. = 7) were overestimated in the liver as compared to
kidney and lung tissue (Fig. S7). These comparisons indicate that for long-chain PFAS, tissue
binding is the major driver for elimination and tissue distribution in humans. Exposure to short-
chain PFAS may be driven by complex kinetic processes like membrane transporters, ">
permeability, ** renal reabsorption, ”® and hepatic recirculation. "

Although the brain shows the highest sorption capacity for PFAS in our experiments, low

concentrations of PFAS have been measured in human brains relative to liver, kidney, and lung
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tissues (Fig. S7).'®?' The lower relative tissue distribution of PFOS and PFOA to brain was also
observed in rats. %22 The limited distribution to brain in vivo is likely the result of the protective
effects of the blood-brain barrier’’"® because strong acids are typically restricted from crossing.
8 Future studies are needed to assess to what extent tissue binding experiments reflect PFAS
exposures observed in other human tissues (e.g., spleen, mammary gland).

Implications for characterizing toxicokinetics of PFAS in humans. In this study, we
conducted binding experiments using five tissues from common animal model species (i.e.,
mouse and rat) and humans for 16 study PFAS to: (i) evaluate species and tissue-specific binding
and (ii) elucidate mechanistic understanding of factors affecting accumulation and elimination.
Results show only small differences in tissue binding across biological species. We find rat liver
provides a suitable surrogate tissue for predicting binding of PFAS in various human tissues
(kidney, brain, lung, heart) when used in combination with appropriate scaling factors.
Considering the large number and structural heterogeneity of PFAS, rat liver provides a useful
surrogate for screening and categorizing the internal distribution of PFAS in humans. To reduce
animal use, future studies should explore alternative surrogate materials, such as polymers
known to bind PFAS, to predict human tissue binding of these compounds. Data on funbouna and
Kissuew reported in this study can help parameterize physiologically-based toxicokinetic (PBTK)
models that are useful for quantifying the elimination and distribution of PFAS. However, it is
important to consider that other toxicokinetic processes, which may be more species-dependent
than tissue binding, such as membrane transporter expression, could introduce inaccuracies
when applying the predicted funbound in human PBTK models. Still, human and modeling studies
both suggest tissue binding is a major factor driving PFAS exposure and elimination. % Future
studies should assess the variability in tissue fuound among humans that result from genetic or
disease-related differences in tissue protein and lipid composition, such as lipid accumulation in
fatty liver disease.®' The predictive framework presented in this study may be useful for assessing

potential accumulation of emerging PFAS with more complex structural and physicochemical
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properties, which are increasingly detected in the environment. Understanding their distribution
among human tissues will help inform regulations to control their production and release into the

environment, reducing their uptake through drinking water and food.

Supporting Information
Information on PFAS chemicals tested in this study; LC-MS/MS quantification method; Unbound
fraction data; Pairwise comparisons of funbound; Statistical analyses; PLSR model results; Unbound

fractions compared to elimination half-lives and tissue distributions in humans.
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