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Postscript
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across are listed here: Behr et al. (2020b), Fragki et al. (2021), and Salihovi¢ et al. (2020).
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Abstract

Serum concentrations of cholesterol are positively correlated with exposure to perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonic acid (PFOS) in humans. The associated change in
cholesterol is small across a broad range of exposure to PFOA and PFOS. Animal studies
generally have not indicated a mechanism that would account for the association in humans.

The extent to which the relationship is causal is an open question. Nonetheless, the association is
of particular importance because increased serum cholesterol has been considered as an endpoint
to derive a point of departure in at least one recent risk assessment. To gain insight into potential
mechanisms for the association, both causal and non-causal, an expert workshop was held Oct 31
and Nov 1, 2019 to discuss relevant data and propose new studies. In this report, we summarize
the relevant background data, the discussion among the attendees, and their recommendations for
further research.

Keywords
Fluorocarbons; Perfluoroalkyl substances; Serum cholesterol; Mechanism of action

1. Introduction

Serum concentrations of total cholesterol and related lipid measures such as low density
lipoprotein (LDL) cholesterol have been reported to be positively associated with serum
concentrations of perfluorinated alkyl substances (PFAS) in humans. The cholesterol-PFAS
association was proposed as the point of departure for human health risk assessment, though
an update of that assessment has shifted to immune effects (EFSA Panel, 2018a; EFSA
Panel, 2020). As noted in a government agency critique of the cholesterol association as a
point of departure (EFSA Panel, 2018b), it remains an open question whether the association
is causal.

An expert workshop was conducted to provide an opportunity for cross-disciplinary
discussions of the epidemiology of cholesterol and PFAS, mechanisms of PFAS
sequestration and transport, their potential interactions with lipid/lipoprotein processing,
and whether alterations in lipid metabolism in some way affect or correlate with PFAS
disposition. This report summarizes salient background material and documents the
discussions and conclusions reached at the workshop — with an emphasis on identifying
data gaps regarding the interactions of PFAS with lipids — and suggests experimental,
modeling, and epidemiologic studies that could further elucidate the quantitative nature of
any interactions. Although exposure to PFAS other than perfluorooctanoic acid (PFOA)
and perfluorooctane sulfonic acid (PFOS) may be related to cholesterol and related lipid
measures, to keep the effort focused, the workshop addressed data on PFOA and PFOS.
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The background section of this report incorporated material provided in presentations from
participants at the workshop.

2. Background

2.1. PFAS use, environmental contamination, and human exposure

PFAS are synthetic substances used in a variety of industrial processes and products and can
also form from degradation of precursors used in manufacturing (Houde et al., 2006; Lau et
al., 2007). PFAS are stable, biodegrade slowly, and persist in the environment (Fromme et
al., 2009; Lau et al., 2007). PFOA and PFOS are the two PFAS most frequently detected in
humans. For background-exposed adults, food is the main source of exposure (EFSA Panel,
2018). Despite the elimination of production and use of PFOA and PFOS in many countries
(Sunderland et al., 2019), their widespread, global presence in human populations has raised
concern over effects they might have on human health.

2.2. Epidemiology of the total cholesterol-PFAS association

We focus on the epidemiology of total serum cholesterol and PFAS in this section, because
the relationships have more support than for specific lipoproteins and triglycerides. The
epidemiologic data on the relation of serum cholesterol to PFOA show that the slope of

the relation is relatively steep up to 50 ng/mL, and relatively modest thereafter (Fig. 1).
The distribution of LDL-cholesterol among subjects in the National Health and Nutrition
Examination Survey (NHANES) 2003-2016 had a higher mean and standard deviation

for those in the highest compared with the lowest deciles of PFOA and PFOS (Fig. 2).
Within the extremely high range of PFOA serum concentrations reached in a clinical trial to
evaluate safety, dose limiting toxicity, and maximum tolerated dose, at serum concentrations
>175,000 ng/mL, a possible decrease in serum cholesterol was reported (not shown in Fig.
1) (Convertino et al., 2018). However, because all subjects in the trial had an advanced
solid tumor, which may influence plasma LDL-cholesterol concentrations (Huang et al.,
2020), the relevance of its results to associations in other populations is unclear. A brief
review of the epidemiologic data is included in Supplementary Material Section 1. In the
NHANES data, the steepest part of the curve occurred within the background range of
exposure (< 15 ng/mL), and the change in cholesterol (mg/dl) per ng/mL PFOA was 0.77
(see Supplementary Material Section 1). The interquartile difference of PFOA in NHANES
2003-2016 was about 2.73 ng/mL, corresponding to a 2.2 mg/dl increase in cholesterol
(about 1%). Thus, within the range of exposure among the general population (~2—4 ng/ml
serum), the shift in cholesterol reflecting this relationship with PFOA is modest. Data for
PFOS are similar, though the slope of the relationship in the general population appears
lower. Most of the data are cross-sectional and use serum PFAS concentration as a measure
of exposure.

As a complement to the cross-sectional studies, two studies of populations with unusually
high PFOA exposure (but less than in the clinical trial of PFOA) are especially informative,
because the estimate of exposure was not based on a measurement of PFAS in serum,

and they were not cross-sectional. In the large and more highly exposed population in the
contaminated area of Ohio and West Virginia (C8 study), when modeled exposure was
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examined in relation to subsequent risk of hypercholesterolemia, the hazards ratio was 1.2
in the top four quintiles of cumulative exposure (Winquist and Steenland, 2014; Geiger et
al., 2014). In an occupational study where 34 workers with high exposure were compared
with a matched comparison group, the serum cholesterol was about 30 mg/dl higher in the
high exposure group (p = 0.003) (Costa et al., 2009). Total serum cholesterol is a risk factor
in the development of cardiovascular disease (Berry et al., 2012; Peters et al., 2016). If
exposure to PFAS increased serum cholesterol, then an increase in the risk of cardiovascular
disease would also be expected. In the C8 study, with over 30,000 subjects of whom 2,468
developed coronary artery disease, however, no such association was found. Although the
epidemiologic data are stronger for total cholesterol than for low density lipoprotein (LDL)
cholesterol, high density lipoprotein (HDL) cholesterol, or triglycerides, the majority of
cholesterol in humans is present in LDL (MRFIT, 1986), and our consideration of possible
mechanisms for the association will focus on LDL-cholesterol.

2.3. Toxicology and biology

PFOA and PFOS cause hepatomegaly in rodents and monkeys (ATSDR, 2018; Butenhoff

et al., 2002; Quist et al., 2015; Seacat et al., 2002; Xing et al., 2016). In three mouse

studies of PFOA (out of a total of 2 in rats and 7 in mice), exposure caused increased serum
cholesterol (Nakamura et al., 2009; Rebholz et al., 2016; Schlezinger et al., 2020), which
may have been due to use of mice with humanized PPARa.,, mouse strains with altered
response to fat intake, higher fat diets, or a combination of these factors (Supplementary
Material Table 1). The serum concentration of PFOA and PFQOS in the mouse and rat
studies, when measured (Supplementary Material Tables 1 and 2) were in the higher range
of those reported in occupational studies (see Supplementary Material, Section 2), or greater
(Loveless et al., 2006; Rebholz et al., 2016; Olsen et al., 2000, Olsen and Zobel, 2007). A
hypocholesterolemic effect of PFOA and PFOS in rodents (Supplementary Material Table
1) is expected because they are HDL mammals (the majority of cholesterol carried in HDL
particles (Yin et al., 2012)), and peroxisome proliferator-activated receptor alpha (PPARa.)
activation (described below) in rodents decreases HDL cholesterol by multiple mechanisms,
whereas in humans it increases HDL cholesterol (Kersten, 2008). In monkeys, PFOA caused
no changes in serum cholesterol, and PFOS caused a slight reduction, mostly from a
decrease in HDL (Butenhoff et al., 2002; Chang et al., 2017). In most studies of PFOA and
PFOS effects on triglycerides in rodents, higher doses caused decreased serum triglycerides
(Supplementary Material Table 2). Among studies using 0.3 mg/kg/day, a relatively low dose
of PFOA (Loveless et al., 2006; Loveless et al., 2008 [rats and mice]; Yan et al., 2014); the
results at that dose were mixed; two showed increased triglycerides (Loveless et al., 2006
[mice], Yan et al., 2014 [mice]); two showed no statistically significant change (Loveless

et al., 2006 [rats]; Loveless et al., 2008 [mice]); and one showed decreased triglycerides
(Loveless et al., 2008 [rats]). Loveless et al.’s (2006) results in mice were unusual in

that higher doses of PFOA caused increased triglycerides. In contrast to the general

findings for serum triglycerides, PFOA and PFOS tend to increase hepatic triglyceride
levels and steatosis (ATSDR, 2018; Bagley et al., 2017; Das et al., 2017; Zhang et al.,
2016). In primates, ammonium perfluorooctanoate caused an increase in serum triglycerides
(Butenhoff et al., 2002). In APOE*3.Leiden.CETP transgenic mice, PFOS inhibited hepatic
lipoprotein production (Bijland et al., 2011). In addition, in humans and other species, PFOA
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and PFOS may cause immuno-and reproductive/developmental toxicities and could also
affect other organ systems (ATSDR, 2018; EFSA CONTAM Panel, 2018).

In adult rodents, PFOA and PFQOS activate PPARa, and currently PPARa activation is
accepted as the primary mediator of the hypolipidemic effect of PFOA and PFOS (Das et
al., 2017; Rosen et al., 2017). Functional PPARa levels are lower in human livers than

in rodent livers (Corton et al., 2014; Rosen et al., 2017), and human PPARa is activated

to lesser extents by PFAS than rodent PPARa (Maloney and Waxman, 1999; Nakamura

et al., 2009; Rosen et al., 2013). Using wildtype and humanized PPARa transgenic mice,
perfluorooctanoate was found to activate rodent PPARa.; in comparison, PFOA activated
human PPARa to lesser extents (Nakamura et al., 2009). Data from human hepatocyte
cell culture models evaluating the concentration of PFOA in albumin-free media required
to activate PPARa can be re-expressed to approximate the corresponding concentration in
serum (see Supplemental Materials, Section 2 for an explanation and discussion). Such

an approximation suggests that a serum PFOA concentration in the range of 130 pg/mL
would be expected to activate human PPARa.. When mice with human PPARa (hPPARa))
in their liver were given PFOA resulting in a serum level of 48 pg/mL (Schlezinger

et al., 2020), activation of hPPARa was demonstrated, indicating that a lower PFOA
concentration may activate PPARa in humans than was suggested by the cell culture
models. In similar experiments in mouse hepatocytes, the concentration of PFOA required
for PPARa activation was about 20 % of that for human hepatocytes (Rosen et al., 2013).
The effect of PFOA at 0.1 and 0.3 ng/kg for 2 weeks on serum cholesterol in PPARa-null
129/Sv mice was measured; the cholesterol was higher in the 0 mg/kg dose compared with
wildtype mice, and a dose-response relation with PFOA was absent in the PPARa.-null
mice (Nakamura et al., 2009). PFAS, however, cause changes in hepatic lipid metabolism in
PPARa-null mice, suggesting other mechanisms are involved (Das et al., 2017; Rosen et al.,
2010).

In rodents, PFAS also activates signaling through other nuclear receptors such as liver X
receptor a (LXR a), pregnane X receptor (PXR), constitutive androstane receptor (CAR),
and farnesoid X receptor (FXR) (Abe et al., 2017; Bijland et al., 2011; Bjork et al., 2011),
but to lesser extents than PPARa (Rosen et al., 2017). PFAS activation or inhibition of
human nuclear receptors other than PPARa has been examined. Activations of CAR, PXR,
LXRa, FXR, and PPARy have been inferred from the responses of a number of target genes
for each of the transcription factors (Bjork et al., 2011; Rosen et al., 2017; Wolf et al., 2012).
PFAS at a concentration as low as 333 uM (approximately 130 ug/mL), a level similar

to the higher range of serum concentrations in occupationally-exposed humans, decreased
expression of HNF4a in primary human hepatocytes (Beggs et al., 2016) (Supplementary
Materials Section 2). HNF4a is a transcription factor that regulates CYP7AL, which
converts cholesterol to bile acids. Decreased CYP7AL could lead to decreased bile acid
production and increased cholesterol. This study also suggested that PFOA but not PFOS
may activate PPARy. Activation of FXR by PFAS could also decrease CYP7A1 production
(Chavez-Talavera et al., 2017).
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2.4. PFAS pharmacokinetic (PK) background

Although PFOA and PFOS can be absorbed dermally (Franko et al., 2012) or by inhalation
(Olsen et al., 2000), for most people the majority of exposure is from the oral route
(Hinderliter et al., 2006). Following oral exposure, some absorption may occur directly from
the stomach (Kemper, 2003; Worley and Fisher, 2015), though absorption in the gut is
facilitated by transporters (Kimura et al., 2017; Zhao et al., 2017) and probably much greater
than that in the stomach. These PFAS distribute primarily to the liver, plasma, and kidney,
with concentrations in other organs being considerably lower (ATSDR, 2018; Bogdanska et
al., 2011, 2020). They bind extensively to fatty-acid binding protein in the liver (Khazaee

et al., 2021; Luebker et al., 2002; Sheng et al., 2016) and albumin in plasma (Bischel et

al., 2010) and are not metabolized (ATSDR, 2018; Andersen et al., 2008; Cui et al., 2010;
Kennedy et al., 2004). Excretion in both sexes is urinary and fecal (ATSDR, 2018; Andersen
et al., 2008; Cui et al., 2010; Kennedy et al., 2004). PFAS levels are lowered in females

by a number of mechanisms including blood loss during menstruation (humans), transfer to
the fetus during pregnancy, and though lactation and milk during breastfeeding (Brantsater
et al., 2013; Calafat et al., 2007; Chang et al., 2009; Dhingra et al., 2017; Loccisano et al.,
2012, 2013; Mondal et al., 2014; Rodriguez et al., 2009; Wong et al., 2014). The rate of
PFAS excretion (primarily urinary) varies greatly among species, with half-lives estimated in
weeks for rodents and months for monkeys. Humans have especially long half-lives of about
2.3-3.8 years for PFOA (Bartell et al., 2010; Olsen et al., 2007) and 5.4 years for PFOS
(Olsen et al., 2007). In female rats the half-life of PFOA is much shorter than in males,

due to species- and sex-specific differences in renal transporters (Yang et al., 2009). The

rate of excretion depends on the specific isomer, with linear isomers generally having longer
half-lives than the branched compounds; perfluoro-1-methylheptaneulfonate (1 m-PFOS)
may be an exception (Zhang et al., 2013).

There is some fecal excretion of PFOA and PFOS, which is better documented in animals
than humans (Hundley et al., 2006). In humans, PFOA and PFOS concentrations in bile are
slightly lower than in serum (Harada et al., 2007). Administration of a bile acid sequestrant
reduced tissue concentrations of PFOA and PFOS in rats (Johnson et al., 1984) and humans
(Genuis et al., 2010). Species-specific transporters for PFOA and PFOS involved in the
enterohepatic circulation of bile acids (Zhao et al., 2015) as well as in the disposition of
xenobiotics have been identified (Zhao et al., 2017). The human apical bile salt transporter
(ABST) can transport both PFOS and bile salts from the gut lumen into enterocytes (Zhao et
al., 2015).

2.5. Cholesterol metabolism in humans and physiologically-based pharmacokinetic

models

Cholesterol is a component of cell membranes and a precursor for steroid hormones, bile
acids, and other sterols. Although synthesized in all cells, dietary absorption in the small
intestine and production in the liver are primary sources of plasma cholesterol (Afonso et
al., 2018). In the liver cholesterol is packaged into very low-density lipoproteins (VLDL)
and secreted in blood for transport throughout the body. In humans, the majority of plasma
cholesterol is found esterified in the core of LDL, which are generated upon lipolysis of
VLDL triglycerides. Excess cholesterol in peripheral cells can by effluxed to HDL in plasma
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for return to the liver, either directly or after transfer from HDL to LDL by the Cholesteryl
Ester Transfer Protein (CETP). In the liver, specifically in hepatocytes, cholesterol is used
as the starting material for bile acid synthesis. Production of bile acids is a major route

of cholesterol utilization (Chavez-Talavera et al., 2017; Chen et al., 2002; Pullinger et al.,
2002). Excretion is primarily through the gut as such or after conversion to bile acids
(Reeskamp et al., 2018). Bile acids are secreted together with cholesterol and phospholipids
by transporter-facilitated movement into the bile and move to the gut to aid in digestion and
absorption of fatty substances from diet. About 5% of the bile acids delivered to the gut are
excreted via feces, the remainder is re-absorbed and comprises the enterohepatic circulation
of bile acids/salts.

Major known cholesterol homeostasis regulatory components include its intestinal
absorption by the Niemann-Pick C1 Like 1 (NPC1L1) transporter, excretion by the
ABCG5/8 transporter in the apical side of enterocytes, synthesis controlled by 3-hydroxy-3-
methyl-glutaryl-Coenzyme A Reductase (HMGCR), and conversion to bile acids by
cholesterol 7a-hydroxylase (CYP7AL) in hepatocytes (Cohen, 2008). Furthermore, plasma
cholesterol levels are determined by LDL receptor activity (Goldstein and Brown, 2009),
which is inhibited by proprotein convertase subtilisin/kexin type 9 (PCSK9) (Afonso et

al., 2018). The genes controlling cholesterol synthesis and uptake are regulated by the
intracellular free cholesterol content, which inhibits activation of sterol regulatory element-
binding protein 2 (SREBP2) (Horton et al., 2002; Madison, 2016). Binding of bile acids

to the FXR receptor results in decreased expression of CYP7AL resulting in increased
intra-cellular cholesterol levels (Claudel et al., 2005). In addition to genetics (Weissglas-
\Volkov et al., 2006; Willer et al., 2013), plasma cholesterol concentrations are affected by
diet, therapeutic drugs, weight change, the microbiome, bile acid metabolism, hormones,
and other factors (Alphonse and Jones, 2016). Cholesterol synthesis and absorption are
reciprocal, and the proportion from each varies substantially among people (van der Wulp et
al., 2013).

Insights into absorption and endogenous production of cholesterol (Gachumi and EI-Aneed,
2017) can be obtained by mass spectroscopy measurement of phytosterols and cholesterol
precursors in human serum and used in modeling cholesterol metabolism. Physiologically
based pharmacokinetic and closely-related systems biology models of cholesterol and of bile
acids have been developed (Hofmann et al., 1983; Mc Auley et al., 2012; Morgan et al.,
2016; van der Wulp et al., 2013). Whole-body cholesterol metabolism in humans has been
studied (Goodman et al., 1980; Grundy and Ahrens, 1969). These studies essentially have
shown a 3-pool model of the turnover of the sterol which can be altered by diet and drugs.

2.6. Pharmacoepidemiology

Information about biologic mechanisms accounting for the relationship of serum
concentrations of PFOA and PFOS to serum lipid concentrations may be obtained by
examining the concentration of PFOA or PFOS in serum among humans taking certain
drugs, compared with those not taking the drug. One man with unusually high serum
concentrations of PFAS self-administered treatment with the bile acid sequestrant (BAS)
cholestyramine or, at separate times, either of two herbal supplements (zeolites or saponin
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compounds). Cholestyramine increased fecal concentrations of PFOA and PFOS and
decreased serum concentrations. With respect to herbal treatments, after treatment with
zeolite PFOS was detectable in stool, and after treatment with saponins PFOA was
detectable in stool (Genuis et al., 2010). Cholestyramine increased fecal elimination

of PFOA and PFOS in rats, and binding of PFOA and PFOS to cholestyramine was
documented (Johnson et al., 1984). In addition, oral contraceptive use has been associated
with higher serum concentrations of PFOA and PFOS, probably due to the associated
decrease in menstrual flow volume (Ngueta et al., 2017; Rush et al., 2018).

Due to the limited data available on PFAS concentrations in relation to use of pharmacologic
agents, we analyzed U.S. NHANES data on concentrations of PFAS and prescription drug
use from 2003 to 2016. The main finding was that use of bile acid sequestrants was
associated with a reduction in serum PFAS concentrations (Table 1). Statins did not reduce
PFAS concentrations — in fact for PFOS a small increase was observed among statin users

(p = 0.001). Ezetimibe, a drug that inhibits absorption of cholesterol and related phytosterols
in the brush border of the small intestine had no association. Too few people took orlistat

or probenecid to have confidence in the results. Selected aspects of these results will be
discussed further, below.

3. Synopsis of discussions at the workshop

Multiple epidemiological studies have reported associations between PFAS and increases
in plasma cholesterol. Large differences in exposure to PFAS are associated, on average,
with modest increases in cholesterol (about 10 mg/dL). The relationship between serum
cholesterol and PFAS body burden shows a steep slope at lower body burdens and a
shallower slope at higher body burdens. The shape of the relationship is remarkably
consistent across studies even though the average ranges of exposures in different
populations — workers, residents in contaminated areas around production plants and the
general population - vary considerably.

The expert workshop provided an opportunity for cross-disciplinary discussions on
toxicokinetics of PFAS and physiological control of plasma cholesterol, including lipid/
lipoprotein processing. The primary focus was to evaluate whether PFAS might affect
cholesterol synthesis and metabolism or whether cholesterol metabolic processes might

alter PFAS disposition. During the meeting, a number of ideas surfaced about possible
mechanisms of interactions leading to discussions of the evidence for the mechanisms

and whether the proposed interactions were consistent with knowledge about cholesterol
disposition or of the kinetics of PFAS. The discussions highlighted the need to better
understand processes affecting PFAS kinetics in humans, especially uptake from the Gl tract
and fecal elimination, and independent of any PFAS exposures, the processes that control
plasma cholesterol in human populations. In this short overview, we note four possible types
of hypotheses for the association of PFAS and LDL-cholesterol and for each we consider

(1) the details of the specific hypothesis, (2) consistency of the proposed mechanism with
the known biology of pathways affected by PFAS and (3) where appropriate, the consistency
of expected dose-response for the hypothesized mechanism with available knowledge. There
were broad discussions of possible studies/data analysis that could illuminate reasons for

Toxicology. Author manuscript; available in PMC 2022 April 28.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Andersen et al.

Page 9

the observed correlations between increased cholesterol and PFAS. Here, for each of the
hypotheses, we highlight key ideas developed at the workshop in relation to the hypothesis/
hypotheses that would be examined by a specific study or analysis (Table 2).

3.1. Direct causality — PFAS associated biological pathways affecting cholesterol

metabolism

PFAS have biological activity. They activate PPARa. and increase enzymes involved in fatty
acid oxidation. In four of the six statistically significant studies in rodents, doses of PFAS
sufficient to activate PPARa led to decreases, not increases, in plasma cholesterol. However,
in the other two studies increases in serum cholesterol were found (Rebholz et al., 2016;
Schlezinger et al., 2020). In Rebholz et al. (2016) the increased cholesterol appeared to

be in the “large HDL” fraction and they noted that additional studies would be needed

(e.g., measurement of ApoB) to know what type of particle the excess cholesterol was in.

In Schlezinger et al. (2020) the PFOA effect on total cholesterol, present in males but not
females, appeared to be mostly due to increased HDL-cholesterol, though the increase in
LDL-cholesterol was larger than expected. But as noted above, additional studies would

be needed to confirm the type of lipoprotein affected. In non-human primates and the
clinical trial (described above) such doses were associated with a decrease or no change in
cholesterol. In none of the observational epidemiological cohorts were exposures considered
sufficiently great to cause activation of PPARa and fatty acid oxidation pathways.

Studies using human hepatocytes suggested that exposure to PFOA at 130 pg/mL (about

the highest level reported in occupational studies) decreases HNF4A expression, leading

to downregulation of CYP7A1 (Beggs et al., 2016)(see Supplementary Material Section 2,
which discusses the comparison of in vitro to in vivo dose metrics). In whole animal mouse
studies, PFOA at 48 pg/mL serum decreased expression of hepatic CYP7AL (Schlezinger et
al., 2020). This downregulation, by slowing the conversion of cholesterol to bile acids, could
cause an increase in cholesterol levels. While this mechanism could account for the small
positive slope relating PFOA with serum cholesterol in occupational studies (Beggs et al.,
2016), it may not explain the larger positive slope in those with background-range exposure;
higher concentrations may be needed to decrease HNF4A, though additional data on the
dose-response would be useful). The comparability of effective concentration in in vitro
studies, however, could use further evaluation as the protein content of cell culture media
can be markedly different than in serum and the exposure scenario in cell culture models
(high dose, days) is different than in humans (low dose, long term) (see Supplementary
Material, Section 2). Furthermore, the absence of evidence for changes in cholesterol in the
clinical trial is difficult to reconcile with this potential mechanism, though the relevance of
the trial results is debatable because all subjects had an advanced solid tumor refractory to
standard treatment (Convertino et al., 2018).

Several studies were discussed for examining direct causality including obtaining relevant
information regarding: (1) novel mechanistic responses beyond what have already been
identified (e.g., PPARa, CAR, PXR), (2) possible differential regulation of cholesterol
kinetics between rodents and humans, (3) aspects of PFAS disposition, and (4) possible
alternative biomarkers from experimental animals using dose-response studies that could
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include overtly toxic doses. For instance, in animals lacking PPARa., activation of other
nuclear receptors could be further studied. Could biomarkers be identified from these
animals that might support follow-up examination of non-PPARa mediated responses? The
utility of additional rodent studies, however, was questioned because of the fundamental
differences in cholesterol metabolism noted earlier. However, a study appearing since the
workshop (Schlezinger et al., 2020) suggests that experiments using mice that express
hPPARa, given human-like diets, may be useful. Steatosis is also observed in animal
studies. In humans with non-alcoholic fatty liver disease, an increased ratio of total to HDL
cholesterol has been reported (Wu et al., 2016). A cholesterol-PFAS association among
humans with no suggestion of liver disease would weigh against the “mediated-by-steatosis”
hypothesis. Would there be value in examining steatosis in the epidemiological studies to
see if this endpoint showed associations with PFAS levels? The challenges of such human
studies were noted, due to the expense of sufficiently sensitive and specific diagnostic

tests. There might also be other responses identified in rodents that might be preferentially
found in the higher exposure groups in the occupational studies. Furthermore, more detailed
studies of PFAS distribution could be conducted. Additional post-mortem data in humans
would be useful, as would an examination of bioavailability following oral doses and the
influence of dietary constituents on bioavailability in a number of species. These in-life
protocols would also allow examination of metabolomics/lipidomics responses to PFAS,
provide a more complete characterization of PFAS in blood and lipoprotein compartments
and potentially identify new lipid biomarkers for examining possible responses to PFAS.
Although the liver is probably the primary site for responses to PFAS, examination of
transcriptomic enrichment and some protein-level responses of enterocytes to PFAS, either
in vitro or in vivo, could help illuminate possible interactions of intestinal uptake/excretion
of PFAS and bile acids. More quantitative information regarding transporter abundance in
enterocytes and liver would also provide opportunities to develop PK models of PFAS with
more detail regarding intestinal absorption and fecal elimination. These transporter studies in
human and animal cells could be designed to assess binding affinities, maximum transport
velocities and interactions of PFAS transporting proteins with bile acid transporters and
improve the PK model structure for PFAS.

The detailed interactions between PFAS and human cells at human relevant exposures,

i.e. concentrations consistent with those seen in high exposure occupational cohorts, could
be expanded to develop refined dose-response information and to include studies in both
hepatocytes and enterocytes. 3D tissue cultures might be useful if challenges associated with
determining the free concentration of the chemical in the media (as opposed to the nominal
concentration) can be overcome (Groothuis et al., 2015).

Measuring the specific sterols such as plant sterols that are included in estimates of serum
cholesterol, and examining these in relation to PFAS exposure could be useful to understand
the nature of cholesterol included in the total cholesterol measurements.

The dose-response effects of PFAS on membrane fluidity would be useful to examine,
because fluidity may influence activation of SREBP family members resulting in activation
of SREBP2 and increased cholesterol synthesis (Levental et al., 2020).

Toxicology. Author manuscript; available in PMC 2022 April 28.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Andersen et al. Page 11

3.2. Reverse causality due to PFAS-carrying capacity of LDL — packaging PFAS with
serum lipids

Another possible mechanism for the association could be incorporation of PFAS into
cholesterol containing particles such as LDL. PFAS would then increase proportionally with
the LDL across any population. This relationship could explain the similar dose responses
for the various populations, though the changes in cholesterol are proportionally much
smaller than the contrasts in PFAS. However, studies carried out to measure PFAS in various
pools within blood lipid fractions indicated that little PFAS was carried along with lipids and
instead PFAS are primarily bound to plasma proteins (Butenhoff et al., 2012). Also, medium
chain-length, unesterified, saturated fatty acids, that would be most similar in size and
properties to PFAS are not known constituents of LDL particles (Iglesias et al., 1996; Lecerf
etal., 1993). Instead, the cholesteryl esters in LDL contain longer chain polyunsaturated
(linoleic and eicopentaenoic acids) and saturated fatty acids (palmitic and stearic). Also, it
was noted that use of statins to decrease cholesterol and lipoproteins was not associated with
reduced serum PFAS concentrations (Table 1), weighing against this hypothesis.

Studies related to the co-distribution hypothesis: There is some information on the
distribution of PFAS in plasma protein fractions after the addition of PFAS to blood /in
vitro. Follow-up /n vivo studies with repeated PFAS dosing might show differences in this
distribution in treatments where there has been time for tissue uptake, processing, export
and movement through blood to both liver and kidney for biliary and urinary excretion,
respectively.

3.3. Confounding by disease

If a portion of a population has a disease that is accompanied by an increase in serum
cholesterol and if that disease also increases serum PFAS, this interaction could account

for the cholesterol-PFAS association. For example, hypothyroidism is often accompanied by
an increase in cholesterol (Elder et al., 1990) and a decrease in glomerular filtration rate
(Asvold et al., 2011), which would decrease excretion of PFAS (Dzierlenga et al., 2020).
Kidney failure is often accompanied by an increase in serum cholesterol (Krane and Wanner,
2007), and, with the decrease in glomerular filtration rate, serum PFAS should also increase.
When a multivariate model of cholesterol in relation to PFAS was adjusted for either thyroid
stimulating hormone or estimated glomerular filtration rate using multiple years of data from
the National Health and Nutrition Examination Survey (NHANES), however, adjustment
had no effect on the coefficients for the PFAS terms (not shown), which does not support
this confounding by kidney disease hypothesis. A related issue is the adverse effect of
elevated cholesterol decreasing glomerular filtration rate (Athyros et al., 2007). (This would
be reverse causality rather than confounding.) In any event, analysis of NHANES data do
not support this possibility (not shown).

Studies related to confounding by disease: There are studies showing associations between
PFAS and uric acid (Steenland et al., 2010). There could be value in evaluating whether
hyperuricemia confounds the PFAS-cholesterol association, though the PFAS-uric acid
association itself may be due to confounding by glomerular filtration rate.
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3.4. Confounding by common pharmacokinetic processes that alter both cholesterol and
PFAS kinetics

The possibility of confounding by pharmacokinetic processes received more attention than
the other three hypotheses in discussions at the meeting — emphasizing characteristics

of PFAS kinetics and cholesterol disposition that might share common pathways. It was
recognized that the PK models for PFAS emphasize renal excretion and tissue partitioning
as the dominant factors affecting tissue time courses (Dzierlenga et al., 2020; Chou and Lin,
2019; and Worley et al., 2017). These PK models have not considered the possibility of
variable percentage absorption across individuals in a population. Correlated net absorption
or excretion of cholesterol or bile salts and PFAS in the gut could give rise to the association
of cholesterol and PFAS in blood. A few examples are included below.

Several follow-on studies of possible confounding in the relationship of cholesterol

with PFAS were discussed. Correlated absorption of bile salts or cholesterol and PFAS
could occur in enterocytes. Although most cholesterol is synthesized in the body,

dietary cholesterol can incrementally increase plasma levels. Ezetimibe inhibits uptake of
cholesterol by enterocytes but has no effect on PFAS serum concentration (Table 1); this
observation weighs against a correlation with cholesterol absorption itself. It has been
demonstrated that several bile acid transporters expressed in enterocytes and hepatocytes can
also transport PFAS (Zhao et al., 2015, 2017). These results suggest that PFAS could be
trapped within the enterohepatic circulation, contributing in part to long half-lives. However,
given the high concentrations of conjugated bile acids in the small intestine after a meal

(up to 10 mM according to Hofmann and Eckmann (2006), bile acids likely affect the
absorption of PFAS, at least during digestion. Potential co-modulation of the kinetics of bile
acids and PFAS at these specific transporters, e.g., by cholesterol, as has been shown for

rat Na+/taurocholate cotransporting polypeptide (Molina et al., 2008) needs to be examined
quantitatively in hepatocytes, enterocytes or using everted gut preparations.

Correlated excretion of PFAS and bile salts or cholesterol is also conceivable. Such
correlation due to agents in the gut lumen could cause the association of cholesterol

and PFAS in serum. For example, bile acid sequestrants increase excretion of bile acids,
and thereby decrease serum cholesterol. Bile acid sequestrants also decrease serum PFAS
concentrations (Table 1) because they bind PFAS directly and then get eliminated in feces.
While bile acid sequestrants do not account for the association of serum cholesterol and
PFAS in epidemiologic studies, dietary constituents in the gut could act similarly. Both
PFAS and cholesterol could be correlated with the same dietary constituent and have dose
response curves for each that were inverse Michaelis-Menten. For instance,

PFAS (or Chol) = Basal Level — Delta max * (dietary component)/(dietary component + Km)

A plot of cholesterol to PFAS would then have a shape similar to that observed in the
various epidemiological populations and represent a confounding effect with the dietary
constituent affecting both PFAS and cholesterol and this would be expected to be present in
various populations regardless of the level of PFAS in plasma. There would be considerable
value in developing simulation models that reflect expected dose-response in simulated
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epidemiological populations based on different proposed interactions of plasma PFAS and
lipids.

Studies related to mechanistic investigations of confounding: Confounding occurs when

a secondary variable affects both the biomarker and health outcome examined in the
epidemiological study. In essence either of two scenarios — common processes that affect
either biliary excretion or that affect intestinal absorption - could produce associations

of the kind seen across the epidemiological studies. There was significant discussion
among participants about factors that might affect absorption or elimination of cholesterol/
cholesterol precursors and PFAS and how these factors might be studied. In addition to
cell-based studies of interactions of transport of PFAS and bile acids/cholesterol, other
work might be pursued with everted gut preparations to assess uptake from a more intact
tissue. A more detailed PK model for bile acid uptake, circulation and excretion could
also be developed and be designed to link bile acid disposition with key characteristics of
processes affecting cholesterol and interactions between bile acid and PFAS transporters.
Such models could be used to develop a more mechanistic analysis of confounding

or pharmacokinetic bias. More comprehensive investigations of the relation of diet to
serum PFAS concentrations should be helpful in examining possible confounding in these
associations. This particular recommendation would represent a longer-term investment to
bear fruit.

4. Recommendations for studies to further examine the basis for

associations seen between cholesterol and PFAS in human populations

The suggested studies (Table 2) can be organized into 3- broad categories: a) biology
associated with possibilities of direct causation, b) pharmacokinetic factors affecting PFAS
and cholesterol levels, and c) epidemiologic evaluations. However, the information obtained
from studies in any one of these categories would have broader utility. For instance, studies
regarding new biology of PFAS-responsive receptors could as easily provide information on
PK interactions as on direct causality or confounding. Suggested epidemiological analyses
probe various possible interactions that might occur between PFAS, and various forms of
cholesterol, disease states (steatosis) or genetic variability in transporters and could provide
information for enhancing PK models for interactions between PFAS and cholesterol.

Pharmacokinetic factors affecting PFAS and cholesterol levels: To date most PK modeling
has assumed nearly complete absorption of orally administered PFAS and excretion
occurring only via urine. Persistence of these compounds has been modeled by efficient
resorption of PFAS from the kidney filtrate. Discussions at the workshop, especially in
relation to interactions between PFAS and cholesterol, highlighted the need to have better
accounting of any role for uptake processes from the gut and biliary excretion that could
jointly move some amounts of PFAS and cholesterol. A high priority need was extension
of PK models to include biliary excretion and intestinal absorption of PFAS and linking
them to models of cholesterol homeostasis including processing of bile acids. Further
development of PK models for PFAS should be designed to account for coordinated
transport of cholesterol in specific lipoproteins. Among experimental studies that would be
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useful for these models are studies examining transporter protein activity toward PFAS and
different forms of cholesterol, including interaction studies looking at combination treatment
with these two groups of compounds. Studies in hepatocytes or everted gut preparations
could examine kinetic interactions between PFAS, cholesterol and bile acids. In concert
with work to improve oral absorption and fecal elimination descriptions of PFAS, further
work to develop/improve models for cholesterol homeostasis for bile acid excretion and
resorption could aid in understanding possible interactions between bile acids and PFAS.
Clearly, models for cholesterol homeostasis are considerably more complex than those for
xenobiotics and the models pursued would need to be purposeful simplifications of the
multiple control processes involved with cholesterol and lipoproteins.

Biology associated with possibilities of direct causation: Most of the discussion about
possibilities of direct causality was targeted to increasing knowledge of the possible modes
of action of PFAS on lipid metabolism, on responses in tissues other than liver and in more
human-relevant models in order to determine if any particular hypotheses related to direct
causality would be better supported by new data and knowledge. For instance, more detailed
studies of effects on PFAS on lipid metabolism could be pursued /7 vitro in primary human
hepatocytes or using humanized mice with human PPARa. Mechanistically, information
might be gained from studies of this kind over a wide dose range but the more relevant
information would be from doses consistent with exposure for the various human cohorts
examined for the association between cholesterol and PFAS. While the liver has been the
focus of most attention in considering the possible connections between PFAS targets and
cholesterol, the workshop highlighted the need for better understanding of the responses of
enterocytes to PFAS and how responses in enterocytes might alter PFAS and cholesterol
transport. Enterocyte responses to PFAS could be gauged by in vitro exposures in human
cells or in life exposures in animals with detailed gene expression analysis in enterocytes
across a wide dose range with targeted PFAS compounds. Everted gut sacs could evaluate
transport of PFAS and cholesterol and determine if there were relevant interactions in these
transport processes at PFAS doses in the range of those experienced in human populations.
The studies in enterocytes could also provide key information to enhance PK models for
PFAS and include more detail on oral uptake/intestinal elimination of PFAS.

Other biochemical/toxicological studies were considered, including assessing effects of
PFAS on activity of key enzymes in lipid metabolism, such as cholesteryl ester synthesis,
effects of PFAS on membrane-fluidity at epidemiologically relevant PFAS concentrations,
determining regional differences in cellular responses for centrilobular and periportal regions
of the liver and assessing displacement of normal fatty acids from fatty acid binding protein
by PFAS.

Evaluation of PFAS effects on liver genes expression has focused on responses in whole
liver or in isolated hepatocytes. Some studies of responses in rat and human hepatocytes
and rat liver have appeared for GW7647, a PPARa specific ligand (McMullen et al., 2020).
While responses in specific regions of the intact liver were examined for this ligand, they
have only been reported to date in a poster/abstract format (Andersen et al., 2019). No
regionally specific results have been reported for PFAS. New technologies using single cell
transcriptomics have measured differential expression patterns of multiple liver-resident cell
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types in humans and mice. These technologies could be employed to determine the effects of
PFAS on other cell types or, with existing data sets, to determine the distribution of PPARa
expression in these other cell types (Halpern et al., 2017; MacParland et al., 2018) and
examine differences in PPARa pathway components in not just periportal and centrilobular
hepatocytes but in all the liver resident cell types.

Epidemiological Evaluations: Because laboratory evidence suggests that higher
concentrations of PFAS may down-regulate CYP7AL activity (Beggs et al., 2016; Behr et
al., 2020a; Schlezinger et al., 2020), it would be of interest to conduct an epidemiologic
study to examine serum biomarkers of CYP7AL1 (7a-hydroxy-4-cholesten-3-one (C4),
specific bile acids, and fibroblast growth factor 19) in relation to PFAS exposure (Galman et
al., 2003; Liu et al., 2020; Palmer et al., 2018), especially in occupationally-exposed groups
where some subjects have high serum levels, e.g., 10 pg/mL or more PFOA or PFOS.

Studies, particularly two appearing after the workshop, indicate that dietary fiber could
confound the cholesterol-PFAS association (Lin et al., 2020; Dzierlenga et al., 2021). (These
recent epidemiologic studies also suggest related animal experiments may be useful.) To
obtain more high-quality data on the relation of diet to PFAS, and on whether uncontrolled
confounding by diet might account for some of the cholesterol-PFAS association, large
epidemiologic studies are needed, e. g., with 7 days of diet recalls, which may provide a
better dietary measure of fiber than a food-frequency questionnaire.

An epidemiologic study to examine correlation of PFAS exposure and specific bile acids
(preferably in serum rather than feces) — which is a slightly different concept than

described above — could be usefully done in a background-exposed population and provide
mechanistic data that could articulate with experimental data on the nature of interactions of
bile acids and PFAS during transport and absorption.

If PFAS increased the absorption of plant sterols, this could result in an association of
elevated total serum cholesterol and serum PFAS. Although it makes sense to verify whether
the apparent PFAS-related increased in serum cholesterol quantified by standard assays is
truly due to increased cholesterol, there is no evidence indicating that PFAS might alter the
absorption of plant sterols.

By analyzing existing human specimens to examine lipid profiles in relation to PFAS
exposure in greater detail, it may also be possible to address the odd finding that total
cholesterol is more consistently related to PFAS than is LDL cholesterol. In standard
epidemiologic studies, LDL cholesterol is not measured directly.

With an epidemiologic study to examine gut microbiome in relation to PFAS exposure, it
may be possible to address whether PFAS affect microbial populations directly (Iszatt et al.,
2019), or, if combined with a high-quality diet assessment, the microbial population merely
reflects dietary factors that also affect PFAS concentrations. (Animal experiments may also
be useful to address this point.)

An epidemiologic study to examine whether steatosis is related to PFAS exposure would
address the possibility that increased cholesterol is secondary to PFAS-induced steatosis.
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However, as noted above, questions exist about the sensitivity, specificity, and practicality

of diagnostic tests for steatosis, and furthermore, the inconsistent, subtle relation of liver
function tests to PFAS has not strongly supported liver disease as a PFAS-related outcome in
humans (EPA, 2016a,b).

Although evidence that ezetimibe is not related to serum PFAS concentration was presented
(Table 1), confirmation would be useful, as would data on orlistat, to rule out an effect of
these medications on PFAS absorption.

Based on the results of toxicology studies, we have a list of PFAS-sensitive nuclear receptors
and PFAS transporters. To see if genetic variation in these receptors and transporters is
related to serum cholesterol, the list could be compared with a list of genetic variants know
to affect serum cholesterol in genome-wide association studies. A bioinformatics study
might also be a useful way to systematically evaluate if the corresponding affected processes
overlap.

5. Conclusion

The mechanisms underlying the association of serum cholesterol with exposure to PFAS
have not been determined. Experimental studies, e.g., using human-relevant models and
that include lower dose ranges could provide valuable mechanistic insights. PK modeling
of both PFAS and cholesterol may also provide valuable clues. Epidemiologic studies that
address mechanistic hypotheses, e.g., regarding an effect of PFAS on CYP7AL activity, or
that evaluate potential confounding by dietary factors, are among the key recommendations
resulting from the workshop.
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C4 7a-hydroxy-4-cholesten-3-one

FXR farnesoid X receptor

HDL high density lipoprotein

HMGCR 3-hydroxy-3-methyl-glutaryl-Coenzyme A Reductase
HNF4a hepatic nuclear factor 4-alpha

LDL low density lipoprotein

LXR a liver X receptor alpha

NHANES National Health and Nutrition Examination Survey
NPC1L1 Niemann-Pick C1 Like 1

PCSK9 proprotein convertase subtilism/kexin type 9

PFAS perfluoroalkyl substances

PFOA perfluorooctanoic acid

PFOS perfluorooctane sulfonic acid

PK pharmacokinetic

PPARa peroxisome proliferator-activated receptor alpha
PPARYy peroxisome proliferator-activated receptor gamma
PXR pregnane X receptor

SREBP2 sterol regulatory element-binding protein 2
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Serum cholesterol (mg/dl) in relation to
serum PFOA (ng/ml) -- schematic relation
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Fig. 1.
Serum cholesterol (mg/dl) in relation to serum PFOA (ng/mL) — schematic representation of

the relation*.

*Based on the results of Steenland et al. (2009). Steenland et al.’s Fig. 2 was scanned

and a cubic model was fit to the data. Steenland et al.’s results were adjusted for age,

sex, use of cholesloterol-lowering medication, smoking, education, physical activity, alcohol
consumption, and body mass index. See the original article for details about reference
categories used in predicting values. The average serum cholesterol among adults in the U.S.
was 202 mg/dl (Nelson et al., 2010).
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Frequency of Predicted LDL Cholesterol in lowest and Freq y of Predicted LDL Cholesterol in lowest and
highest deciles of PFOA highest deciles of PFOS

= 2
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Fig. 2.
Distribution of LDL cholesterol among NHANES subjects 2003-2016.

Results calculated using NHANES sampling parameters, to make them representative of the
U.S. population. Those taking cholesterol-lowering drugs were excluded, as were those aged
<20y. N =2129 (PFOA) or 2128 (PFOS); in other words, the number of subjects under
each curve shown above is roughly 1,000 (total n of subjects was 10,647).

LDL cholesterol (mg/dl) was adjusted for age, sex, ethnicity, and an index indicating survey
wave. The deciles were determined for PFOA or PFOA based on the distribution of values
after adjusting for age, sex, ethnicity, and an index indicating survey wave and calculated
using the sampling parameters.

The smoothed curves are from a normal distribution with mean and standard deviation
calculated from the observations.
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Table 2

List of studies and analyses proposed by workshop attendees, sorted by experimental vs. epidemiologic.

1

2)

3)
4)
5)
6)
7)
8)
9)
10)
11)

12)

13)
14)

15)
16)
17)
18)
19)

Experiments that are human-relevant, either in vitro or using humanized mice (e.g., with human liver tissues), using a wide dose range
relevant to humans

Experiments to determine whether PFAS, within the range of concentrations experienced by humans, affect the fluidity of cell
membranes

Experiments to determine how PFAS affect the expression of genes in the human enterocyte

Experiments to examine the molecular targets and mechanism of action of PFAS in human enterocytes

Experiments to examine the activity of enzymes involved in lipid metabolism in relation to PFAS concentrations

Experiments to determine if PFAS displace fatty acids from fatty acid binding proteins and if this perturbs lipid metabolism
Experiments to examine whether transcriptional targets of PFAS in human hepatocytes vary by periportal vs centrilobular subtype
Experiments on single cells to evaluate effects of PFAS on transcriptomics

Experiments, possibly using human tissues or everted gut sacs, to examine the correlation of bile acid and PFAS transport or absorption
Development of a pharmacokinetic model of cholesterol metabolism that could be used to examine interactions with PFAS

Epidemiologic study to examine serum biomarkers of CYP7AL, such as 7a-hydroxy-4-cholesten-3-one, bile acids, and fibroblast growth
factor 19 in relation to PFAS exposure (Gélman et al., 2003; Liu et al., 2020; Palmer et al., 2018)

Epidemiologic studies to examine dietary determinants of PFAS serum concentrations in greater detail than has been done to date, and
evaluate if diet could confound the cholesterol-PFAS relationship

Epidemiologic study to examine the correlation of PFAS exposure and specific bile acids (preferably in serum rather than feces)

Epidemiologic study to evaluate whether the composition of sterols quantified as serum cholesterol changes as a function of serum PFAS
concentration

Analyses of existing human study specimens to examine lipid profiles in relation to PFAS exposure in greater detail
Epidemiologic study to examine the gut microbiome in fecal samples in relation to PFAS exposure

Epidemiologic study to examine whether markers of steatosis (e.g., ALT, AST) are related to PFAS exposure

Analyses of existing human epidemiology data to see if orlistat or ezetimibe use is related to serum PFAS concentration

Epidemiologic study or analysis of existing data to examine if genetic variation in PFAS-sensitive receptors or transporters is related to
serum cholesterol (e.g., genome-wide association study)
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