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Abstract

Animal studies have pointed at the liver as a hotspot for per- and polyfluoroalkyl substances
(PFAS) accumulation and toxicity, however, these findings have not been replicated in human
populations. We measured concentrations of seven PFAS in matched liver and plasma samples
collected at the time of bariatric surgery from 64 adolescents in the Teen-Longitudinal Assessment
of Bariatric Surgery (Teen-LABS) study. Liver:plasma concentrations ratios were perfectly
explained (r2 > 0.99) in a multi-linear regression (MLR) model based on toxicokinetic (TK)
descriptors consisting of binding to tissue constituents and membrane permeabilities. Of the
seven matched plasma and liver PFAS concentrations compared in this study, the liver:plasma
concentration ratio of perfluoroheptanoic acid (PFHpA) was considerably higher than the
liver:plasma concentration ratio of other PFAS congeners. Comparing the MLR model with an
equilibrium mass balance model (MBM) suggested that complex kinetic transport processes are
driving the unexpectedly high liver:plasma concentration ratio of PFHpA. Intra-tissue MBM
modeling pointed to membrane lipids as the tissue constituents that drive the liver accumulation
of long-chain, hydrophobic PFAS, whereas albumin binding of hydrophobic PFAS dominated
PFAS distribution in plasma. The liver:plasma concentration dataset, empirical MLR model, and
mechanistic MBM modeling allow the prediction of liver from plasma concentrations measured
in human cohort studies. Our study demonstrates that combining biomonitoring data with
mechanistic modeling can identify underlying mechanisms of internal distribution and specific
target organ toxicity of PFAS in humans.

Keywords
PFAS; human exposure; biopsy samples; liver accumulation; correlation; toxicokinetics

Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of more than 9,000 chemicals!

that have widespread use in industrial and consumer products as stain-, grease-, and water-
repellants, surfactants, and lubricants.? Anionic perfluoroalkyl acids are a class of PFAS that
are hydrophobic, thermally stable, and resistant to degradation and are the focus of this
work. These PFAS are ubiquitously found in the environment and detected in virtually all
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humans,* and have been linked to multiple adverse health effects, including increased risk
of non-alcoholic fatty liver disease (NAFLD) and cancer.>~" The chronic PFAS exposure
humans face and the increasing evidence of multifaceted adverse health effects require more
knowledge about the mechanisms underlying the accumulation and distribution of PFAS in
humans.

Most human biomonitoring studies have detected PFAS in plasma as these matrices are
easily obtained. Depending on their hydrophobicity (C-chain length) and functional groups
(carboxylic acids, sulfonic acids), PFAS have shown to be highly bioaccumulative in
humans, with estimated elimination half-lives of 3.5 and 4.8 years for perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonate (PFOS), respectively.® In contrast, shorter half-lives
in humans have been found for short-chain PFAS such as perfluorobutanesulfonate (PFBS)
and perfluorobutanoic acid (PFBA),? supported by animal studies.1911 The physiological
and chemical binding mechanisms underlying tissue accumulation and retention of PFAS in
humans are still poorly understood. Enterohepatic circulation and binding to liver proteins
like fatty-acid binding proteins (FABPSs) have been suggested to contribute to delayed
elimination of long-chained PFAS,12 suggesting the liver as a primary repository for PFAS
accumulation. However, concentrations in human livers have rarely been reported and never
paired with simultaneously measured blood concentrations, limiting the establishment of a
robust direct link between PFAS accumulation and liver-associated adverse health effects.

Epidemiological studies have linked PFAS exposure to dysregulated lipid metabolism and
sterol homeostasis manifested in NAFLD and nonalcoholic steatohepatitis (NASH).6:13
Additionally, previous studies have demonstrated that PFAS preferentially accumulate

in the liver;6:14.15 however, the mechanisms linking PFAS with these metabolic health

risks remains unclear.2 While laboratory animal studies have measured liver-specific
concentrations of PFAS, no previous human study has measured both liver and plasma
specific concentrations of PFAS. Measuring concentrations of individual PFAS in the key
target tissue (i.e., liver) and in plasma can help determine whether plasma alone is adequate
for assessing health effects of PFAS in liver. Furthermore, laboratory based experimental
studies have been used to elucidate potential mechanisms. Toxicological studies with
cell-based bioassays (in vitro) and mammals (in vivo) suggest that PFAS interact with
peroxisome proliferator-activated receptors (PPARs),18 upregulate bile acid synthesis,1” and
altered lipogenesis,18 leading to disrupted lipid metabolism and excessive storage of lipids in
the liver.19 However, PFAS accumulation in the human liver remains unknown, demanding
for tools to predict liver from blood concentrations that is commonly sampled in human
biomonitoring studies.

As an alternative to human cohort studies or biomonitoring studies, plasma-PFAS
concentrations in humans have been predicted by one-compartment toxicokinetic (TK)
models.20 However, these models neglect the distribution of chemicals between organs, and
hence are uninformative of PFAS concentrations in specific organs like the liver. Scarcity on
physiological parameters and physicochemical properties is a limitation to addressing organ
distribution of PFAS in multi-compartment physiologically-based toxicokinetic models
(PBTK).2! Simultaneous measurements of liver and blood concentrations could pave the
way to mechanistically analyze the relative importance of sorption to tissue components
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(e.g., proteins, lipids), permeability (i.e., membrane diffusion), and physiological processes
(e.g., enterohepatic circulation) to liver-blood partitioning of PFAS. TK descriptors like
partition coefficients to proteins and lipids and permeabilities through biological membranes
have been measured for the most common PFAS,22-24 and could be used to explain
liver:plasma concentration ratios and derive empirical models to predict liver from blood
concentrations measured in population studies.

For the first time, we report a matched dataset of PFAS concentrations measured
simultaneously in the plasma and liver of 64 individuals as part of Teen-Longitudinal
Assessment of Bariatric Surgery (Teen-LABS) Study. In this paper we aimed to assess

how well liver concentrations can be predicted from plasma concentrations in human
biomonitoring studies. First, we aimed to correlate plasma and liver-PFAS concentrations.
As an alternative predictive method, multi-linear regression models (MLR) were derived

to assess the suitability of TK descriptors to predict plasma:liver concentration ratios. The
MLR models incorporated literature TK descriptors of PFAS, and physiological plasma
and liver parameters measured in Teen-LABS and/or reported in the literature, including
partition coefficients to serum albumin, phospholipids, FABPs, and storage lipids, as well as
membrane permeabilities. The seven PFAS measured in our study covered a large chemical
space in terms of carbon chain length (C6 — C11) and functional groups (carboxylic

and sulfonic acids). For mechanistic analyses of the relative importance of protein and

lipid binding to plasma:liver distribution of PFAS, experimental plasma:liver concentration
ratios were compared to predicted values generated by a two-compartment physiologically-
based mass balance model (MBM) that was parameterized with the TK descriptors and
corresponding physiological data.

Materials and Methods

Study population.

The study is based on data from the Teen-LABS study (ClinicalTrials.gov number,
NCTO00465829), a prospective, multicenter, observational study of adolescents (<19 years of
age) who underwent bariatric surgery from 2007 through 2012 and enrolled at participating
clinical centers in the United States: Cincinnati Children’s Hospital Medical Center
(Cincinnati, Ohio), Nationwide Children’s Hospital (Columbus, Ohio), the University of
Pittsburgh Medical Center (Pittsburgh, Ohio), Texas Children’s Hospital (Houston, Texas)
and the Children’s Hospital of Alabama (Birmingham, Alabama).25:26 Study inclusion
criteria included (1) adolescents up to age 19, (2) adolescents approved for bariatric surgery,
(3) agreement to participate in the Teen-LABS study and understanding including signing
of Informed Consent/Assent.2%26 Exclusion criteria included (1) age 19 or greater, (2)
unable to sign Informed Consent/Assent.2>26 The present study includes 64 participants
with plasma and liver biopsies collected at the time of surgery. The Teen-LABS steering
committee, which included a site principal investigator from each participating center,
worked in collaboration with the data coordinating center and project scientists from

the National Institute of Diabetes and Kidney Disease (NIH-NIDDK) to design and
implement the study.2-27 All bariatric procedures were performed by surgeons who were
specifically trained for study data collection (Teen-LABS—certified surgeons).2526 The
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study protocol, assent/consent forms, and data and safety monitoring plans were approved
by the Institutional Review Boards of each institution and by the independent data and
safety monitoring board prior to study initiation.2>27 Written informed consent or assent,

as appropriate for age, was obtained from all parents/guardians and adolescents.25-28
Additionally, the study was approved by the University of Southern California review board.

Data collection.

Standardized methods for data collection have been described previously.2>26.28 Fasting
blood specimens were drawn at the preoperative visit. All laboratory assays were performed
by the Northwest Lipid Metabolism and Diabetes Research Laboratories (Seattle, WA).
Low-density lipoprotein (LDL) cholesterol was calculated using the Friedewald equation
except for participants whose triglycerides were =400 mg/dl, for whom LDL cholesterol
was measured directly by beta-quantification. Liver histology and liver biopsy methodology
has been previously detailed,28 however, briefly, liver biopsies were obtained by core
needle technique after induction of anesthesia and before performing the bariatric surgery
procedure. Due to the observational study design and lack of published consensus on
whether intra-operative liver biopsies should be standard of care at time of bariatric surgery,
the decision to perform a liver biopsy was deferred to the surgical teams at each site.
Accordingly, 99% of all biopsies were performed at the sites where intraoperative biopsy
was standard of care. Participants with insufficient liver tissue or taking medications that
may cause or treat NASH were excluded from analysis. Liver biopsy specimens were
stained with hematoxylin-eosin and Masson’s trichrome stains and reviewed and scored
centrally by an experienced hepatopathologist using the validated NASH Clinical Research
Network scoring system.2? NAFLD was defined by the histopathological diagnosis. Detailed
descriptions of study methods, comorbidity and other data definitions, case report forms,
and laboratory testing are included in previous publications.26:27 For this analysis covariates
were obtained at the time of surgery (baseline visit) at an in-person visit with trained study
personnel.2” Data collected were maintained in a central database by the data coordinating
center.

Liver-PFAS Laboratory Analysis.

Liver biopsy samples, collected at the time of bariatric surgery, were analyzed for PFAS
concentrations at the environmental medicine laboratory at the University of Southern
Denmark. The samples were transported on dry ice with temperature logging by World
Courier (AmerisourceBergen Corporation, Conshohocken, PA), and stored at —80°C until
analysis. The liver samples were thawed overnight at 5°C. The biopsies were drip dried
on a lint free paper tissue and accurately weighted into a 2 mL polypropylene microtube
(SARSTEDT, Numbrecht, Germany). The liver biopsies ranged in weight from 17 to 124
mg, with an average weight of 82 mg. The liver samples were homogenized with three

5 mm steel balls on a Retsch Mixer Mill 200 at 25 Hz for 5 minutes after addition of

30 uL 20 ng/mL isotope labeled PFAS analogues (as internal standards) and 200 pL 0.06
M zinc sulphate in methanol to promote precipitation of proteins and blood cells. The
samples were then centrifuged at 23,000 g for 20 minutes after which 160 yL of the
supernatant were taken out and mixed with 400 uL of methanol. The subsequent analytical
procedure was identical to the method the laboratory utilizes for serum and whole blood
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samples with on-line solid-phase extraction performed by a Thermo Scientific EQuan MAX
liquid chromatographic system, directly coupled to a TSQ Quantiva triple quadrupole

mass spectrometer.3%:31 Analytical standards (PFAC-24PAR) and mass-labelled internal
standards (MPFAC-24ES) were purchased from Wellington Laboratories Inc, Guelph,
Ontario, Canada. The precision of the method was controlled in spiked pig liver samples
and ranged for the identified compounds from 92-104.5%. The limit of detection (LOD)
for the identified PFAS compounds was 0.03 ng/g liver tissue. Values below the LOD were
replaced with %2 LOD. The batch of samples also included serum quality control samples
from the German External Quality Assessment Program (G-EQUAS) as well as NIST 1957,
that were extracted the same way as the liver biopsies, and the results of these were well
within the acceptance range.

Plasma-PFAS Laboratory Analysis.

The samples were transported on dry ice with temperature logging by World Courier
(AmerisourceBergen Corporation, Conshohocken, PA), and stored at —80°C until analysis.
The samples were analyzed by on-line solid phase extraction followed by LC-MS/MS as
previously described.32:33 The LOD was 0.03 ng/mL for all the reported compounds. The
batch imprecision for the quality controls was better than 6%.

Toxicokinetic (TK) descriptors.

Toxicokinetic (TK) descriptors were derived from the literature as input for multi-linear
regression and mass balance models. Partition coefficients (K, concentration ratio between
two phases) of the study PFAS to bovine serum albumin (BSA, Kgsam» Lw/LBsA),
membrane lipids (phospholipids, Kmemmw: Lw/Lmem), and structural proteins (SP, Ksppw»
Lw/Lsp) were obtained from the literature22-24:34.35 a5 reported in Table S2. BSA was
used as a surrogate for human serum albumin (HSA) as a consistent data set of Kgsaw
was available for the study PFAS and it has been shown that chemical binding to

BSA compares to HSA.36 Association constants with FABPs were derived from multiple
studies37—40 and transformed into partition coefficients as described in Endo and Goss*!;
apparent permeabilities (Pypp, cm/s) of the study PFAS were reported in Ebert, et al.z3, All
TK descriptors and their adaptations from the literature are reported in Table S2 of the
Supporting Information.

Descriptive statistics.

Descriptive statistics were determined for PFAS measured in liver and plasma—geometric
mean, 95% confidence intervals, and percentage below the limit of detection. For liver and
plasma-PFAS values less than LOD, values were substituted by the half of the LOD value.
Spearman’s rank correlation (r) was used to examine the correlations between plasma and
liver-PFAS concentrations. / version 4.4.2 was used for the analysis of descriptive statistics.

Multiple-linear Regression.

For regression models, the log, of PFAS concentrations was used to normalize the right-
skewed distributions. Plasma-PFAS values less than the level of detection (LOD), were
substituted by the half of the LOD value. Multiple-linear regression models and partial r2
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analyses were run in R using the package rsq for generalized linear models. We tested
experimental liver:plasma concentration ratios as response variable and TK descriptors as
independent variables to evaluate the predictive power of all combinations of the five TK
descriptors described above and summarized in Table S2. We also investigated the predictive
power of physiological parameters measured for individual patients in Teen-LABS (albumin,
total cholesterols, triglyceride levels).

Mass Balance Model (MBM).

A physiologically-based MBM was adapted from previous studies to predict and
mechanistically describe liver:plasma concentration ratios.3442 The applied MBM is a
two-compartment model (i.e., plasma and liver) that assumes equilibrium between the
compartments at all times (i.e., no flux) and neglects complex toxicokinetic processes

(e.g., membrane permeability). We used the MBM to evaluate to what extent experimental
plasma:liver concentrations can be explained by binding to proteins and lipids (i.e., tissue
retention), or if the inclusion of more complex kinetic processes is necessary. The plasma
and liver compartments are composed of different kinds of proteins and lipids as well

as non-sorptive phases (water, Fig. 1). Partition coefficients were used as quantitative
descriptors of the binding affinities of PFAS to tissue proteins and lipids. Protein and lipids
of plasma samples were measured and used as input parameters for the model. Missing
physiological parameters were derived from the literature3* or estimated from plasma
biomarkers (see Table S3 for details). The plasma was assumed to be composed of albumin
(~4.2% as measured in this study), phospholipids (~0.15%, as predicted from cholesterol
levels), structural proteins (2.2%), non-sorptive molecules (storage lipids, cholesterol,
sugars), and water (~93%).34 Note that by accounting for the composition of plasma, the
MBM accounts for the differences in the binding affinity between plasma and whole blood.
As compositions of the liver samples were not measured, water, protein, and lipid volume
fractions were assumed to be 73%, 18.1%, and 4.9%, respectively.3* Of these proteins,
1.7% and 0.66% were assumed to be FABPs and albumin.3443 The remaining proteins were
assumed structural proteins. Of the liver lipids, 24% were assumed to be membrane lipids
and 76% were storage lipids.3*44 The MBM was parameterized with experimental partition
coefficients from the literature that were converted to units of L/L (see Table S2 for details).
Liver-blood partition coefficients (Kjiver/plasmas Lplasma/Lliver) Were derived as

K _ Kiew _ Cier
liver/plasma —— K— - C_ (1)
plasma/w plasma

where Kiivernw IS the liver-water (Ly/Liiver) and Kpjasma/w is the plasma-water partition
coefficient (Kpjasmamw: Lw/Lplasma)- BY combining structural tissue composition and
corresponding partition coefficients, Kjjvera and Kpjasmanw Were calculated as

Kliver/w = KFABP/W . VFABP + KBSA/W : VHSA + KSP/W . Vsp + KML/W : VML + Vwaler (2)

Kplusmu/w = KBSA/W : VHSA + Ksp/w : VSP + KML/W : VML + unlcr (3)
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Results and Discussion

Cohort characteristics.

There are 64 Teen-LABS participants included in this study. These participants had

both liver and plasma samples collected at the time of bariatric surgery. Descriptive
characteristics of study participants are presented in Table 1—the mean age of participants
at the time of bariatric surgery was 16.7 years (SD: 1.7 years). Most study participants
were female (73.4%). Participants have severe obesity; the mean BMI at baseline was 51.3
kg/m2 (min to max, 34.0 to 87.7 kg/m2), and 42.2% of participants have histopathological
determined NAFLD.

Experimental blood and liver concentration in the Teen-LABS study.

All seven PFAS included in this analysis were detected in 100% of liver samples. With the
exception of PFHpA (detected in 89% of plasma samples) and PFUnDA (detected in 88%
of plasma samples) the additional five PFAS were detected in 100% of plasma samples
(Table S1). Figure 2 reports the concentrations of the seven PFAS in plasma, liver, and
corresponding liver:plasma concentrations ratios. The concentrations of PFOA and PFOS
were generally highest in plasma (Fig. 2A), revealing that these phased-out PFAS (PFOS
was phased out of production in 2002, and U.S. manufacturers eliminated PFOA emissions
and product content at the end of 2015)#° were still major chemical contaminants in humans
at the time of the bariatric surgery. Among the measured PFAS, PFOS had the highest

liver concentration, whereas median PFOA and shorter chain carboxylic and sulfonic acids
(PFHpA and PFHxS) concentrations in livers were sub- ng/g concentrations (Fig. 2B).
Hydrophobic PFAS with longer C-chain length accumulated in livers to a higher extent

than their hydrophilic alternatives, with liver:plasma concentration ratios of 1.52 (PFOS,
C8), 1.37 (PFNA, C9), 1.83 (PFDA, C10), and 3.64 (PFUnDA, C11), as compared to 0.12
(PFHXS, C6) and 0.26 (PFOA, C8) (Fig. 2C). Notably, plasma concentrations of the shorter-
chain PFHXS (C6) reach levels comparable to PFOS (C8) and PFOA (C8), however, liver
concentrations were low and liver:plasma concentrations ratios were the lowest amongst the
tested PFAS, indicating low accumulation tendency of PFHXS in human liver. While found
in low concentrations in plasma (geometric mean [GM] = 0.08 ng/mL) and liver (GM =
0.17 ng/qg liver), the highest liver:plasma ratios were found for PFHpA (C7), which was
found in concentration ratios 26x higher than PFOA (C8). Large variabilities in liver:plasma
concentration ratios of PFHpA were observed between individual participants (6.8+14.5).
Despite low concentrations in liver and plasma, the high accumulation of PFHpA in

the liver relative to plasma demonstrates that short-chain PFAS can be similarly or even
more bioaccumulative in target organs like the liver than longer-chain, hydrophobic PFAS.
This observation questions the increased use in short-chain PFAS as less bioaccumulative
alternatives to legacy PFAS.

Liver:plasma correlation.

Spearman correlations indicate moderate to strong correlations between liver and plasma
concentrations of six PFAS (Fig. 3), with coefficients ranging from 0.65 (PFUnDA) to

0.93 (PFHXxS). Correlations between the chemicals were generally increasing with structural
similarity (C-chain length and functional group), indicating that liver:plasma partitioning

Environ Sci Technol. Author manuscript; available in PMC 2023 October 23.
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of PFAS is dependent on the physicochemical properties of the chemical. The strong
correlations between plasma and liver concentrations suggest that liver accumulation can
be predicted well from plasma concentrations for PFHxS (r = 0.93) and PFOA (r = 0.88);
whereas prediction of liver concentrations from experimental plasma concentrations is not
straightforward for PFOS (r = 0.77), PFNA (r = 0.72), PFDA (r = 0.73), and PFUnDA

(r = 0.65). For PFHpA, no correlation has been found (r = 0.19), indicating a lacking
relationship between liver and plasma concentrations and/or that complex mechanisms

are underlying the high accumulation of PFHpA in the liver (Fig. 2C). Interestingly,
liver:plasma concentration ratios were not significantly different between NAFLD-positive
and NAFLD-negative patients (Fig. S1), indicating that plasma:liver distribution of PFAS
is not affected by NAFLD. Based on these observations, we aimed to assess the ability

of TK descriptors to predict liver concentrations from experimental plasma concentrations.
These descriptors are commonly used to assess the toxicokinetics/pharmacokinetics (i.e.,
absorption, distribution, metabolism, and elimination, ADME) of chemical agents or drugs.
Here, we used partition coefficients to biomaterials abundant in both plasma and liver and
diffusion rates over biological membranes (permeability), as described in the Materials &
Methods section.

Multilinear regression models to predict liver:plasma concentration ratios.

As liver:plasma ratios did not correlate with single TK descriptors (Fig. S2, r2 < 0.29),

all combinations of TK descriptors were tested as independent variables in MLR models.
Combinations of two TK descriptors resulted in poor correlations (r2 < 0.37, Table

$6). MLR models with average predictive power (r2 = 0.33 — 0.73) were derived from
combinations of three or four partition coefficients as indicators for binding to tissue
constituents, with combining Kgsamw: Keaspiw: Kspiws and Kmemsw t0 result in the most
promising MLR model (r2 = 0.73). The addition of permeability (Papp) as a more complex,
kinetic parameter for the capacity of PFAS to diffuse through biological membranes
improved the MLR models considerably, achieving excellent predictive power across all
seven PFAS when combining all partitioning coefficients with permeability (r2 = 0.991, Fig.
4), which points at permeability as a key mechanism for plasma:liver distribution of PFAS.
Partial r2 analyses point at protein binding (albumin, FABPs, and structural proteins) and
membrane permeability as most influential parameters in the MLR model (Fig. 4, partial r2
> 0.97), whereas binding to membrane lipids was less important (partial r2 = 0.87) but still
increased the predictive power as compared to a protein binding- and permeability-based
model (r2 = 0.99 as compared to r2 = 0.97). The necessity to include all TK descriptors

to achieve excellent predictive power confirms that blood:liver distribution of PFAS is
mainly driven by both competitive binding between plasma and liver proteins and lipids

as well as the permeability of the chemical through biological membranes.?4 In contrast

to TK descriptor correlations, blood levels of albumin, cholesterol, and triglycerides did
not explain individual plasma:liver concentration ratios (Fig. S9). These findings emphasize
the necessity to extend the currently limited experimental database on these TK descriptors
and their inclusion in multi-compartment PBTK models that simulate PFAS disposition
amongst different tissues. Given the strong correlation with TK descriptors, liver:plasma
concentration ratios and liver PFAS concentrations (ng/g liver) from plasma concentrations
(ng/mL) can be accurately predicted for all seven PFAS from:
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CC— = 109-2.94x 10 *Kpees = 579X 10" Konsp — 1.68 X 107K ...\, “
plasma

+7.81 x 107 4K, + 26314 X P,

Note that the partition coefficients (K) and apparent membrane permeabilities (P;pp) must be
entered in units of L/kg and cm/s, respectively. Standard errors and 95% confidence intervals
of model parameters are reported in Table S2 of the Supplementary Material. Note that the
MLR model has been derived from a cohort of adolescents that underwent bariatric surgery.
Its ability to accurately predict liver:plasma concentration ratios has to be validated based on
another independent dataset that concurrently measured liver:plasma concentrations, which
is currently not available in the literature. Multi-linear regression modeling was performed
with liver:plasma concentration ratios of NAFLD-positive (n = 27) and NAFLD-negative
patients (n = 37). Similar to the MLR model of the whole data set, the models achieved
excellent predictive power (Fig. S4). The resulting model parameters were comparable
(78%—-186% variation between the models), suggesting that NAFLD does not influence the
prediction of liver:plasma concentration ratios by our MLR model.

discussion based on mass balance model predictions.

Following the excellent multi-linear correlation between TK descriptors and liver:plasma
concentration ratios, we aimed to further investigate the partitioning between plasma and
liver using a two-compartment MBM. The MBM accounts for the protein, lipid, and water
composition of plasma and liver and the corresponding partition coefficients of the PFAS
to these individual phases to derive liver-blood partition coefficients (Kjiver/blood),>* Which
correspond to liver:plasma concentration ratios (Fig. 1). The MBM was able to explain
liver:plasma concentration ratios of PFHxS, PFOA, PFDA, and PFOS, within a factor of 2
(Fig. 5). PFHpA liver:plasma concentration ratio was largely underestimated by a factor of
76, again revealing that transport of PFHpA from the blood stream into the liver underlies
mechanisms of distribution not sufficiently explained by partition coefficients alone. The
MBM does not account for kinetic processes like permeability, which was shown to be an
important parameter in the empirical MLR model (Fig. 4).

Intra-tissue distribution modeling indicated that membrane lipids are driving liver
accumulation of the hydrophobic, long-chain PFOS (C8), PFNA (C9), and PFDA (C10)
(Fig. S5A), agreeing with the PFAS-phospholipid hypothesis supported by evidence from
diverse species.*6-48 In contrast, protein sorption is predicted to dominate the liver
accumulation of PFBS (C3), PFHXA (C6), PFHpA (C7), and PFOA (C8). PFAS partitioning
in plasma is strongly dominated by proteins, especially albumin (Fig. S6), as shown

in previous studies.# Liver:plasma concentration ratios in this study were derived from
adolescents with severe obesity, potentially limiting the applicability of the derived MLR
and MBM models to predict liver concentrations of adults with normal weight and liver
physiology. As the majority of lipids enriched in NAFLD are triglycerides (storage fats) with
very weak binding capacity for PFAS,0 the overall liver:blood partitioning is not expected
to change substantially (Fig. S5B). However, physiological transport processes such as
enterohepatic recirculation can be affected during fatty liver disease,>! which may influence
PFAS accumulation.1? Binding to human FABPs was suggested to be an important driver of
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PFAS accumulation in human liver based on computed structural models of the interactions
between PFAS and FABPs.40:52 Further compartmentalization of liver proteins indicated that
most of the long chain and short chain PFAS are predominantly bound to structural proteins
and albumins, whereas binding to FABPs was more relevant for PFOA and PFNA (Fig.

S7). Comparing the outcome of the MLR and MBM models indicated that permeability

is an important TK descriptor to predict liver-plasma distribution of certain PFAS (e.qg.,
PFHpA, PENA, PFUNDA). The inclusion of permeability to predict plasma-liver distribution
in a mechanistic model would require time-dependent PBTK modeling. However, complex
PBTK modeling of PFAS distribution in humans is currently limited to the availability of TK
and physiological descriptors and will require parameterization to move forward complex
PBTK modeling of PFAS in humans.

Implications, Limitations, and Outlook.

We present a unique dataset of matched plasma and liver concentrations of seven common
PFAS that were simultaneously measured for 64 study participants in adolescents with
severe obesity. As previously stated, liver:plasma concentration ratios in this study were
derived from adolescents with severe obesity and have not been validated in an independent
dataset, which potentially limits the applicability of the derived MLR and MBM models

to predict liver concentrations of adults with normal weight and liver physiology. Until

our research is replicated among or contrasted with healthy humans of normal weight, this
dataset can serve as reference for studies investigating liver accumulation of PFAS to assess
the contribution of PFAS exposure to the increase incidence of liver pathology and diseases.®
Still, both the MLR and MBM models need to be evaluated with independent liver:plasma
concentration data sets before it can be used to predict liver from plasma concentrations in
a broader context. Our MLR analysis emphasized that plasma:liver distribution of PFAS can
be explained using literature TK descriptors. It must be clarified to what extent the MLR
model can be applied to PFAS with other physicochemical properties, which again requires
further datasets. The excellent predictive power (r2 > 0.99) of the liver:plasma MLR model
is promising and suggests deriving further empirical models to predict the accumulation

of PFAS in other tissues suspected to be hotspots of toxicity, such as the brain, lung, and
kidneys.1553.54 Currently, TK descriptors relevant to the accumulation of PFAS in tissues
are limited to ~10 PFAS and a handful of reference proteins and lipids. The measurement of
TK descriptors for a larger chemical space and further biomaterials will pave the way for a
comprehensive analysis of inter- and intra-tissue accumulation of PFAS and the derivation
of predictive models. Such analyses and predictive models will further identify PFAS with
particularly high accumulation and persistence in tissues, as shown for PFHpA in our study.
It should be emphasized, however, that the predicting liver:blood ratios of PFHpA using the
MBM, MLR, or just plasma is not recommended because of the large variability between
individuals in our study. The prediction model therefore lacks precision for PFHpA. Future
work focused on additional data on PFHpA and driving biological processes will perhaps
allow us to better explain this variability using models and then provide reliable predictions.
A possible explanation for PFHpA elimination could be related to the short half-life—
PFHpA has a half-life of 2 months instead of years for many of the other PFAS congeners.®
Recent change in exposure patterns of PFHpA have a greater impact to the exposure
measured at the time of biopsy. Additionally, measuring biomarkers that are suspected to

Environ Sci Technol. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baumert et al.

Page 12

be particularly relevant for PFAS distribution simultaneously to chemical concentrations
might explain variability in PFAS body burdens between individuals. For example, given
the indication of active transport of PFHpA into the liver, relevant biomarkers could include
active transporters that facilitate the influx and outflux of PFAS, such as organic acid
transporter proteins (OATP) and Na+/taurocholate co-transporting polypeptide (NTCP) in
liver tissue.>>-57 Methodological advances are required to reduce the amount of tissue
necessary to detect PFAS and various biomarkers as well as to derive TK descriptors for a
large number of legacy and novel emerging PFAS. In this context, our study demonstrates
the suitability of empirical MLR and mechanistic MBM models to analyze and predict inter-
and intra-tissue distribution of PFAS. Combining high throughput biomonitoring techniques
with empirical and mechanistic analyses and models will greatly contribute to identify the
mechanisms underlying internal distribution and specific target organ toxicity of PFAS in
humans, eventually contributing to phase-out bioaccumulative and toxic PFAS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Paired liver:plasma concentrations of perfluoroalkyl substances (PFAS) in humans were
mechanistically analyzed using multilinear regression and physiologically-based mass

balance modeling.

Synopsis:
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Structure of the steady-state mass balance model used to predict plasma-liver ratios from
protein, lipid, and water compositions of the tissues and respective partition coefficients.
ML = membrane lipids; HSA = human serum albumin; SP = structural proteins; FABP =
fatty-acid binding proteins; Kjipyy = lipid-water partition coefficient; Kproty = protein-water

partition coefficient.
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Figure2.
(A) Concentrations of PFAS measured in plasma (ng/mL); (B) Concentrations of PFAS

measured in liver (ng/g liver); (C) The ratio of liver to plasma PFAS. PFAS are organized in
order of C-chain length and function group: PFHXS (C6), PFHpA (C7), PFOA (C8), PFOS
(C8), PFNA (C9), PFUNDA (C11).
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Figure 3.

Spearman correlation coefficients (r), smoothed histogram, and scatter plot for seven PFAS
congeners measured in plasma (ng/mL) and liver (ng/g liver) samples from 64 participants
from the Teen-LABS study.
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Figure 4.

Experimental liver:plasma concentration ratios predicted by the multilinear regression model
that includes serum albumin-, fatty-acid binding protein-, phospholipid, and structural
protein--water partition coefficients (Kgsam, KraBriw: Kmemmw Kspiw), and apparent
membrane permeabilities (Ppp) of the PFAS. The dotted red line represents a 1:1 agreement.
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Figure5.

Experimental against liver:plasma concentration ratios predicted by the mass balance model
accounting for the protein and lipid composition of both tissues.

Environ Sci Technol. Author manuscript; available in PMC 2023 October 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Baumert et al.

Table 1.
Teen-LABS Study Participant Characteristics (N=64)

n (%)/mean (SD)

Female 47 (73.4)
Age (years) 16.7 (1.7)

eGFR4 (mL/min/1.73m?) 111.0 (27.5)

Albumin (g/dl) 4.2 (0.27)
BMIY (kg/m?) 51.3 (8.6)
NAFLDE (y/n) 27 (42.2)

Participant characteristics were determined at the time of bariatric surgery. NAFLD (yes/no) was determined via histopathology diagnosis.
aeGFR = estimated glomerular filtration rate;
b .

BMI = body mass index;

CNAFLD = non-alcoholic fatty liver disease
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