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Abstract
Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are a widely dispersed, broad class
of synthetic chemicals with diverse biological effects, including effects on adipose and
bone differentiation. PFAS most commonly occur as mixtures and only rarely, if ever, as
single environmental contaminants. This poses significant regulatory questions and a
pronounced need for chemical risk assessments, analytical methods, and technological
solutions to reduce the risk to public and environmental health. The effects of PFAS on
biological systems may be complex. Each may have several molecular targets initiating
multiple biochemical events leading to a number of different adverse outcomes. An exposure to mixtures or coexposures of PFAS complicates the picture further. This review
illustrates how PFAS target peroxisome proliferator–activated receptors. Additionally,
we describe how such activation leads to changes in cell differentiation and bone development that contributes to metabolic disorder and bone weakness. This discussion
sheds light on the importance of seemingly modest outcomes observed in test animals
and highlights why the most sensitive end points identified in some chemical risk assessments are significant from a public health perspective.
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Adipose Tissue Through Interactions With PPARγ
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approach may not be appropriate for all cases from a scientific viewpoint although they may be so from a policy view.
Additionally, the broad classification of “PFAS” includes
a diversity of structures as can be visualized through the
US EPA CompTox Dashboard (25). Some basic structural
types are shared by groups of PFAS (Fig. 1).
Some PFAS chemicals have more in common with nonPFAS contaminants such as tributyltins or phthalates than
with other PFAS. An alternative classification approach
might divide PFAS into subclasses according to common
interactions with a single molecular target, structural commonalities, or shared adverse outcome (AO), and apply either toxic equivalency factors or generalized concentration
addition modeling for setting standards for mixed PFAS
(26, 27). An additional consideration is the preference of
different PFAS for different tissues. For example, evidence
so far points to bone as a preferential sink for PFOA,
lungs for perfluorobutanoic acid, and liver and brain for
perfluorohexanoic acid (24). Identifying common mechanisms and tissue sinks would allow more granular, targetspecific classification of various PFAS that would aid in risk
assessments for mixtures of PFAS. This paper will discuss
issues surrounding nuclear-receptor–PFAS interactions and
provide a more detailed exploration of the potential human
health significance of interactions between PFOA and peroxisome proliferator-activated γ receptor (PPARγ).

Using Adverse Outcomes Networks to Chart
Routes Through Complex Mechanisms
Adverse outcome pathways (AOPs) chart the progression
from chemical interaction with a molecular target through
a series of key events to an eventual AO (28, 29). The interaction that begins the sequence is termed the molecular
initiating event (MIE). Some xenobiotics may induce a
single MIE, as might happen with competitive inhibition.
This would be seen in the case of perchlorate competing
with iodide for uptake into a thyroid epithelial cell. Key
events that followed would be reduction of iodide availability, reduced synthesis of thyroid hormone, reduced receptor interaction, and reduced gene transcription of genes
regulating neurodevelopment to the final AO of reduced
IQ (30). With PFAS the numbers of molecular initiating
events may be considerably larger than the one seen with
iodide uptake inhibition, both because of the thousands of
different branched and linear PFAS chemicals known to
exist and because a particular PFAS may induce more than
one MIE, forming a network rather than a straight path.
A PFAS that might be a minor contributor to one end point
might be a major contributor to another. If we could identify MIEs common to specific groupings of PFAS, it might
be possible to predict their toxicology-related attributes,
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Perfluorinated compounds (PFAS) constitute a large class
of thousands of synthetic chemicals whose long and extensive use in consumer goods and industry has led to
their ubiquitous presence in the environment. PFAS have
been used in firefighting foam, cookware coatings, waterrepellant fabrics and stain-prevention additives for carpeting, clothing, and vehicle interiors and cosmetics. The
broad dispersal of PFAS, their potential to bioaccumulate,
and their toxicity are a growing public health and regulatory concern. Biological effects of PFAS exposure are
diverse, with reports of hepatic (1, 2), renal (3), developmental (4), reproductive (5, 6), and immune system effects
(7). In this context the terms “developmental” and “developmental study” refer to studies of the effects of early (in
utero or perinatal) chemical exposures on the biological
development of an organism. Changes in serum lipoproteins (8), body mass, adiposity, and bone structure and
quality have also been linked to PFAS exposure (4, 9). State
and federal regulatory agencies have found it challenging
to determine which PFAS to assess and at what level does
exposure pose a minimal risk. The rapid pace of research
also complicates risk assessments for such a large group of
co-occurring chemicals (10) as new research may rapidly
outdate even recent decisions.
State and federal regulatory efforts focus on PFAS as
water contaminants, but other exposure pathways exist,
including dietary (11) and inhalation routes (12). The precise number of contaminated water systems is uncertain
because testing for PFAS is not required. Although, the
number of US water systems where PFAS have been detected has reached into the thousands (13). The exact percentage of systems is not currently known. When tests are
performed, they are often limited to a small standard set of
PFAS for which analytical methods are available (14, 15).
PFAS have been detected in surface and/or groundwater
across the United States and on every continent (eg, North
America, Europe (16), Africa (17), Asia (18), Australia (19),
South America (20), as well as in the Artic (21).
When developing drinking water standards, state and
federal agencies have sometimes treated PFAS or small
sets of PFAS as a single “class” with one-for-one additive
toxicities. For example, the US Environmental Protection
Agency (US EPA) has developed health advisories of 70
parts per trillion for perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS) and 70 parts per
trillion total health advisories when the 2 are present in
mixtures (22). The advantage of using additive toxicities
or otherwise treating all PFAS as a single class is the relative simplicity, making it the most expedient and feasible
method for regulatory purposes (23). However, not all
PFAS share a common mechanism of action or ultimate
tissue distributions (24). Therefore, the additive toxicities
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focus and prioritize research efforts, and improve decisions
on, for example, remediation of soils or water systems contaminated with mixtures of PFAS.

Perfluoroalkyl and Polyfluoroalkyl Substances
and Nuclear Receptors
Individual PFAS can trigger several MIEs through interactions with more than one major nuclear transcription
factor (31). For example, PFOA has been shown to interact
with peroxisome proliferator–activated receptor alpha
(PPARα), estrogen receptor α, constitutive activated receptor
(32), the human pregnane X receptor (33), and PPARγ (34).
Interaction with any of these transcription factors may
trigger specific and sometimes intersecting biochemical
pathways and affect multiple biological systems. This is a
common feature of endocrine-disrupting chemicals (35).
An individual AOP that traces the progression from an
MIE to an outcome that is harmful in a singular aspect
to an individual organism or population might not capture other important end points. Assessing the toxicity of
a chemical ideally requires an analysis of the totality of
responses, particularly where there are multiple adverse
impacts. Analyzing potential pathways and outcomes may
also help focus research directions and risk characterization for this and other complex groups of chemicals.
PFAS interactions with PPARγ have been selected as an
example for more in-depth discussion for the following
reasons:
1. A number of PFAS interact with PPARγ;
2. Two key developmental studies (4, 9) show abnormalities
in bone development, a PPARγ -influenced outcome, in
PFOA dosing experiments;

3. The outcomes measured (anomalies in bone
development) in these 2 studies were selected as points
of departure for a PFOA oral exposure of intermediate
duration minimal risk level derived by the Agency for
Toxic Substances and Disease Registry (ATSDR) (36) as
well as a health advisory by the US EPA (22).
4. PPARγ activation increases adipogenesis, in part because
it drives the determination of mesenchymal stem cells
(MSCs) toward adipogenic and away from osteogenic
fates. This may be factor in the current obesity epidemic
and should be considered for public health reasons.

Brief Introduction to Peroxisome Proliferator–
Activated Receptors
PPARs are members of the nuclear receptor superfamily.
They are ligand-modulated transcription factors whose actions have far-reaching effects on many developmental and
homeostatic functions (37). To bind to DNA, PPARs must
first dimerize with a retinoid X receptor (RXR) to form
a heterodimer. PPARs possess 2 DNA-binding zinc fingers and receive ligands through a ligand-binding domain,
which leads to activation or repression of gene expression
depending on the amount and nature of cofactors present,
which can be either coactivators or corepressors (38). PPARs
can receive many different endogenous and synthetic agonists. Endogenous agonists include intermediates of fatty acid
(FA) metabolism and oxidation and include unsaturated,
branched oxidized FAs as well as nitro FAs (39). Exogenous
examples include many drugs, including some used for the
control of diabetes and hypertension (40). PPAR activity may
be induced by direct ligand-receptor interaction or through
interaction with PPAR-related cofactors (41). Some agonists, including certain PFAS, can target more than one PPAR
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Figure 1. Examples of structural differences among perfluoroalkyl and polyfluoroalkyl substances. (A) Troglitazone; (B) GenX; (C) PFOS; and (D)
PFOA.
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Table 1. Perfluoroalkyl and polyfluoroalkyl substances
that have shown in vitro receptor interactions or change in
receptor proteins
PFAS

Known receptor(s)

Citation

PFOA

PPARα
PPARγ
PPARβ/δ
HNF4α
CAR
Vitamin D receptor
PPARα
PPARγ
HNF4α
PPARγ
PPARα
PPARγ

(34)

PFOA
PFOA
PFOA
PFOS
PFOS
PMOH (GenX)
PFBA
PMPP

(100)
(101)
(102)
(34)
(100)
(103)
(32)
(103)

Abbreviations: PFAS, perfluoroalkyl and polyfluoroalkyl substances;
PMOH, perfluoro-2-methyl-3-oxahexanoic acid; PMPP, 3H-perfluoro-3-[(3methoxypropoxy) propanoic acid].

role of PPARγ in other tissue types will be discussed later
(50, 51).
PPARγ has 2 known human isoforms, PPARγ1 and
PPARγ2. PPARγ2 is not normally expressed at appreciable
levels in MSCs, which will be the focus of our discussion,
but its expression is induced by activation of PPARγ1 (52).
Induction of PPARγ2 expression is a critical step in the commitment of MSCs to the adipocyte rather than osteoblast
lineage within bone marrow. Recent in vitro studies using
human MSCs indicate that PFAS, particularly PFOA, exposure at environmentally relevant concentrations (10 nM
to 10 μM) may alter osteogenic and adipogenic processes
(53). PPARγ is a key regulator of adipogenesis (54) and
plays a crucial role in the development of white adipose
tissue; in the absence of PPARγ, white adipose tissue does
not form (55).
PPARγ plays a role in several aspects of bone development, including prenatal and perinatal ossification.
PPARγ deficiency has been shown to result in increased
osteoblastogenesis and increased bone mass (56). Cartilagespecific deletion of PPARγ in mice led to abnormally developed growth plates, reduced ossification, and reduced
trabecular thickness (57). Alterations in PPARγ activity
can be detrimental to adults as well. Increased PPARγ activity impaired skeletal homeostasis, increased bone resorption, and drove aberrant bone modeling in mice (58).
Differences in strength or duration of PPARγ activation
by PFAS may be driven by variability in receptor affinity
but might also be dependent on other target interactions.
PFAS-PPARγ interaction may lead to reduced osteoblast
numbers and increased osteoclast activation. Altered ratios
of these cells may lead to reduced ability to ossify cartilage
or maintain bone mass, leading to an AO of possible altered
developmental trajectory in the latter, or osteoporosis and
increased risk of fracture in the former.
PPARγ agonists cause bone loss through at least 2
mechanisms: 1) via their suppressive effects on osteoblast
differentiation (59) in favor of adipocyte formation (60,
61); and 2) by increased bone resorption (58). In respect
to the former, MSC fate is determined by the balance between runt-related transcription factor 2 (Runx2) whose
expression results in commitment to osteogenesis (62),
and PPARγ2 activation, which results in commitment to
adipogenesis (63, 64). Allocation of MSC to the adipogenic
compartment may ultimately reduce the number of osteoblasts available for bone formation, while at the same
time increasing numbers of adipose cells. Once an MSC
has committed to the adipogenic lineage, it is no longer
responsive to bone differentiation signals. Larger-scale allocation of MSCs to adipogenesis may be a mechanistic
explanation for the increased adiposity and the appearance
of bone abnormalities observed in test animals dosed with
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(Table 1), or even other nuclear hormone receptors, which
may result in diverse and widespread biological effects on the
receiving organism. The PPARs themselves, PPARα, PPARβ/δ,
and PPARγ have differing tissue distributions and control different sets of genes.
PPARα plays important roles in FA oxidation, and its
expression is concentrated in tissues with heavy metabolic
demand and large numbers of mitochondria such as the
heart, liver, kidney, and brown adipose tissue (42). PPARα
also plays an important role in regulation of drug efflux
transporters at the blood-brain barrier. Because these
transporters remove lipophilic xenobiotics from the brain,
including drugs for treatment of brain cancer, epilepsy, and
depression (among others), exposure to environmental
PPARα agonists may potentially reduce the efficacy of
some pharmaceuticals (43).
PPARβ (or PPARδ) is widely distributed, with concentrations highest in intestinal epithelium, liver, and skin (44),
and plays roles in energy metabolism in skeletal muscle,
and may play a role in T-cell development (45). PPARβ has
been implicated in the development of nonalcoholic fatty
liver disease (46) and some cancers (47).
PPARγ is highly expressed in bone marrow (48), where
it is essential for differentiation of MSCs to adipocytes and
away from the osteocyte pathway. Inappropriate expression or regulation of PPARγ in the bone marrow can result
in the dysregulation of skeletal and adipose development
and homeostasis. The PPARγ ligand-binding pocket is unusually large for a nuclear receptor and can accommodate a
variety of structures (49) including a variety of xenobiotics.
Because we will be focusing on bone and adipose tissue, the
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Lessons from Peroxisome Proliferator–
Activated Receptor–Activating Drugs
If a xenobiotic or drug has been identified as a PPARγ
agonist, we can look to reported adverse effects for insights
into what AOs we might expect to see with exposures to
PPARγ agonistic PFAS. Examples of exogenous PPARγ
agonists are tributyltins (TBT), including dibutyl tin,
tetrabutyltin, and triphenyl tin (75, 76), phthalates (77) and
TZD drugs used for control of diabetes (75, 78). Li et al (79)
showed that PPARγ activation by TBT is sufficient for adipocyte differentiation. TBT can still activate reporter genes
through the RXR half of the heterodimer, but only TBT activation of PPARγ can differentiate preadipocytes into adipocytes Some TZDs have shown evidence of cardiotoxicity
and been withdrawn from the market. Interestingly, PFOA

has also shown evidence of cardiotoxicity, with dosed mice
showing histopathological abnormalities and mitochondrial dysfunction (80). Some epidemiological studies have
shown increased risk of cardiovascular disease in a PFOAexposed population (81); however, others have shown associations with hypercholesterolemia, but not with coronary
artery disease (82).

Peroxisome Proliferator–Activated Receptor γ
Agonists
PPARγ agonists have been used pharmacologically to
manage diabetes (83) and been proposed for use in mitigating oxidative damage in degenerative neurological diseases such as Alzheimer, Parkinson, and Huntington disease
(84). TZD drugs (rosiglitazone, pioglitazone, troglitazone)
are selective PPARγ agonists (85) that were developed for
the treatment of type 2 diabetes and introduced to the
market in the 1990s. They share a common core structure but differ in side chains (Fig. 2). The common core
aspect is thought to be the section that binds to PPARγ
independent of chain length (86), while the side chains may
influence binding affinity, and thus potency and/or duration
of response.
TZDs produce side effects similar to adverse effects seen
with some PFAS exposures. Among these are increased
risk of fracture in TZD-treated patients (87, 88), as well
as obesity, hepatic steatosis (89, 90), and changes in blood
lipids (91). These side effects fall within a pattern of possible expectations because while activation of PPARγ will
increase insulin sensitivity, it should also activate other
PPARγ-involved mechanisms, including those that regulate
adipogenesis, bone development, growth, and homeostasis.
Adverse effects on bone in the form of increased risk of
fracture in women have been observed in patients taking
thiazolinedione PPARγ agonists such as rosiglitazone for
treatment of diabetes. Pioglitazone, a less powerful PPARγ
agonist, is still in use, although it also decreases bone mineral density (BMD) and, like other PPARγ agonists, increases bone marrow adiposity (92). While the clinical
significance of increased bone marrow adiposity in itself
is uncertain, increased marrow adiposity is associated with
decreased BMD and greater fracture risk (93, 94) and is an
expected consequence of PPARγ activation. Indeed, osteoporosis has been referred to as “obesity of bone” (95).
Dosing C57BL/6 adult male mice with rosiglitazone,
a strong PPARγ agonist, resulted in loss of cortical
bone mass, along with decreased osteoblastic activity,
and reduced calcium, ash, and phosphate content (96).
A study designed to evaluate the effects of rosiglitazone
on male young, young adult, and elderly mice showed
the strongest effects on BMD in adult and aged animals.
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PFOA. This was first shown with tributyl tin (65). PPARγ
activation by certain ligands has been shown to skew the
ratios of adipocytes and osteogenic cells and cause skeletal fragility as well as weight gain. This is exemplified by
thiazolidinediones (TZDs), a drug class that selectively activates PPARγ (66, 67).
While activation of PPARγ is well established in promoting MSC differentiation toward adipogenesis, other
factors are likely to be involved. For example, it has recently been demonstrated that activation of RXR, but not
PPARγ, can commit mouse MSCs to the adipogenic lineage
(63). These authors did not explicitly test whether RXR activators also decreased osteogenesis, but this can be reasonably be inferred.
Although skeletal tissue is a shared target for at least
some PPARγ-activating agents, obesity and metabolic syndrome may be far more important end points than skeletal
effects from a public health perspective. The most sensitive
end point identified both by the US EPA (22) and ATSDR
(36) for PFOA was immunotoxicity, which is also PPARγ
influenced (68, 69). This may be a consequence of reduction
of osteoblast cytokine support of B lymphopoesis (70, 71)
or through other cytokine support of B lymphopoesis (70,
71) or through other mechanisms (72). PPARγ agonists are
showing promise as attenuators of the immune response,
through suppression of inflammatory pathways (73, 74),
which may be helpful for treatment of autoimmune diseases, although cardiotoxicity has been a major concern.
Because PPARγ suppresses some aspects of the immune response (69), it should not be surprising if exogenous agents
that activate PPARγ such as PFOA show similar effects.
However, at the time of ATSDR (36) and US EPA’s (22)
document completion, there were insufficient data with
which to derive a human equivalency dose for immune effects, and bone effects were modeled instead.

6

Endocrinology, 2021, Vol. 162, No. 12

Young animals (male) experienced early closure of the
epiphyses (97). This differs from skeletal effects seen
in PFOA-dosed C57BL/6 female mice that were dosed
through gestation and lactation. The PFOA-dosed mice
showed decreased tibial BMD, but not significantly different from controls. There are a number of possible
reasons for this even though the strain was the same
as used by Broulík and colleagues (96). First, the bone
density of PFOA-dosed mice was evaluated for more than
1 year after dosing ceased. Second, PFOA-dosed mice
were 10% heavier at adulthood than were control mice.
The increased body weight may have been a significant
factor in determining bone density, and the mice in the
study by Koskela et al (4), the key study used by ATSDR
(36) in determining a minimal risk level for PFOA, were
female. There is evidence that PPARγ activity differs
between males and females, possibly because of interactions with estrogen, at least where immune function
is concerned (98). Finally, rosiglitazone is a nanomolar
affinity ligand for PPARγ (99) whereas PFOA activates
PPARγ only at tens of micromolar, a concentration at
which it may hit other cellular pathways.

Dual Peroxisome Proliferator–Activated Receptor
α/γ Agonists
A number of PFAS appear to be dual PPARα/γ agonists
(see Table 1), and their effects may parallel those of the
Glitazar drug family, which bind both PPAR isoforms. Both
PPARα and PPARγ play important roles in bone modeling
and homeostasis and may present opposing effects (104).
In contrast to activation of PPARγ (which reduces bone
formation), PPARα activation has been demonstrated to
increase differentiation of osteoblast precursors including
the MC3T3-E1 cell line and in primary osteoblasts (105),
potentially leading to increased bone precursor differentiation. There is also strong concern that dual PPARγ/α
activators may be cardiotoxic (106) or pose other risks
including carcinogenesis and kidney damage (107).

Other Peroxisome Proliferator–Activated
Receptor γ–Activating Xenobiotics
Other environmental contaminants or agents, such as
tributyltins (75, 79), phthalates, and other chemicals (77),
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Figure 2. Simplified example of a perfluoroalkyl and polyfluoroalkyl substance–related adverse outcome pathway.
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activate PPARγ and induce related adverse effects, some
of which may persist in subsequent generations (108).

Assessing Perfluoroalkyl and Polyfluoroalkyl
Substances by Peroxisome Proliferator–
Activated Receptor γ Affinity

Other Peroxisome Proliferator–Activated
Receptor γ–Influenced Effects
It is important to note that bone is one of many PPARγrelated end points. Other pathways may increase risk of
coronary artery disease, metabolic syndrome, kidney disease (113), or impaired learning and memory and immune
function (114), age-related macular degeneration (115),
and cancer, including breast cancer (116). The effects of enhanced cancer risk is thought to be due to the influence of
PPARγ on angiogenesis (117, 118), as has also been proposed for macular degeneration. PPARγ is highly expressed
in skeletal muscle (119), where it regulates lipid metabolism
and insulin sensitivity (98). PPARγ also plays roles in kidney
homeostasis (113) and innate immune responsiveness (69).
In addition to its roles in normal skeletal development, and
adipogenesis, PPARγ is also important for thermoregulation
and cold adaptation (120) and mammary gland development (121). PPARγ may also play an important role in the
development of nonalcoholic fatty liver disease (122).
Additional end points for PPARγ disruption may include delayed mammary gland development (121, 123) and
shorter durations of breastfeeding (124). PFOA exposure
has also been shown to suppress STAT5B (101), which
would not be unexpected because STAT5B is suppressed
by activation of PPARγ (125) as well as PPARα (126).

STAT5B is important in mammary gland development and
mammary tumorigenesis (127). Suppression of STAT5B
following PFAS exposure represents an additional possible
key event along an AOP as STAT5B is important in mammary gland development, growth, immune function (128)
and may be important in learning, memory, and behavior
(129). Suppression of STAT5 and other molecular events
may need to be explored separately and the outcomes integrated into a larger, overall understanding of PFAS toxicity. Last, PPARγ has been detected throughout the male
reproductive system (51), which might explain some of the
reproductive effects of PFAS exposure. The effects of PFOA
and PFOS on male reproduction have been recently reviewed (130). We hope to address the potential significance
of exogenous PPARγ agonists on tissues other than bone
and fat in a future publication.

Associations Between Perfluoroalkyl and
Polyfluoroalkyl Substances Exposures and
Bone Effects in Human Populations
A number of recent epidemiology studies support associations between PFAS exposures and bone alterations
both in children and adults. A study of young men (aged
18-21 year) with long-term residence in areas of Veneto,
Italy, where PFAS had contaminated drinking water for
decades (131) were found to have reduced bone quality
as measured by quantitative ultrasound. Quantitative
ultrasound indices can evaluate BMD, microarchitecture,
and mechanical parameters and are used to predict risk
of osteoporosis and bone fracture (132). Decrements in
BMD were also associated with serum PFOA, PFOS, and
perfluorodecanoate during middle childhood (133) among
children in the Boston area. In representative US cohorts,
PFAS exposures are also associated with reduced BMD
and increased risk of osteoporosis in women (134). Among
overweight and obese individuals, higher PFOA, PFOS, and
perfluorononanoic acid (PFNA) plasma levels were associated with lower BMD and increased rates of BMD decline during weight loss (11). A recent study (135) provides
evidence of relative potency for PFAS disruption of bone
homeostasis with perfluoroundecanoic acid (PFUnDA) > PF
OA > PFNA > PFOS > perfluorohexane sulfonate (PFHxS).

Associations Between Perfluoroalkyl and
Polyfluoroalkyl Substance Exposures and
Adipose Tissue–Related Effects in Human
Populations
A number of studies of human exposures have observed
associations between some PFAS and increased risk of
obesity or elevated body mass index (BMI). Maternal
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The affinity of PFAS for PPARγ may be one of several
possible approaches for assessment of relative risks to development and long-term health posed by perfluorinated
substances. Such approaches have been applied to drug discovery, particularly to the identification of potential PPAR
ligands (109) and other efforts to identify PPARγ agonists
and antagonists (110, 111). It is important to note that
PPARγ activation is only one of several PFAS mechanisms
of action, and that PPARγ affinity may not represent a clear
picture of overall toxicity. Riu and colleagues (110) characterized PPARγ modes of xenobiotic binding by using nuclear receptor-based affinity columns to evaluate the binding
affinities of halogenated bisphenols to PPARγ and to the
estrogen receptor. More highly halogenated bisphenols
showed greater affinity for PPARγ. They further found that
“bulkier” bisphenol A analogues had greater PPARγ activation and that the halogenated bisphenol A promoted adipocyte differentiation of 3T3L1 preadipocytes (112).
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Concerns for Vulnerable Populations
Traditionally, developing fetuses, infants, and pregnant
women are considered to be the most vulnerable populations when considering allowable exposures for human
populations. PFAS exposures among these groups would
certainly merit additional consideration, especially in light
of the important developmental roles played by PPARs.
For example, PPARγ has been shown to be important for
placental and heart development (146) and helps regulate
angiogenesis (147). If we are looking exclusively at bone
outcomes, vulnerable populations might be those with
commonly recognized risk factors for osteoporosis: females, older individuals, immobility, poor nutrition, etc,
but also individuals with chronic kidney disease, whose
BMD declines as the disease progresses (148, 149). Those

with diabetes (150), taking glucocorticoids (151) or those
with nutritional challenges, including gastric bypass surgery patients (152), and others predisposed to osteoporosis
are vulnerable to PPARγ disruption.
A number of polymorphisms in PPARγ have been identified, and some of these have been explored for links with increased risk for diabetes or metabolic syndrome (153-156).
Of particular interest from our present perspective are the
reduced BMD (157) and increased risk of vertebral fracture
in individuals heterozygous for 3 different polymorphisms
(rs12497191, rs4135263, and rs1151999). Individuals
with these polymorphisms had an increased risk of vertebral fractures (odds ratio = 1.48-1.76, P = .005-.04) compared to those homozygous for the most common allele
(158). The most extensively studied PPARγ polymorphism,
rs1801282, in which a proline has been replaced by an
alanine at codon 12, exon B, is associated with a greater
risk of diabetes. The rs1801282 polymorphism is most
common in White individuals (155), with about 77% being
homozygous for the most common alleles, 12%j to 20%
heterozygous, and around 1% homozygous in a German
population (158). This particular polymorphism is far less
prevalent among people of Asian and African ancestry.
Associations of other PPARγ polymorphisms with obesity
and osteoporosis, as well as their functional significance,
are uncertain to date.

Conclusions
PFAS exert toxic effects through interaction with nuclear
receptors including the PPARs and may play a role in increased adipogenesis and decreased bone quality. There
are other PPAR-related pathways, and many other means
through which a particular PFAS may induce bioactivity
in a manner that is detrimental to an organism. PFAS are
found in thousands of forms and configurations, usually
in mixtures, making traditional, single-chemical risk evaluations difficult. Chemicals targeting PPARs, and there is
evidence of at least several that do, may lead to changes in
cell differentiation and bone development that contribute
to metabolic disorder and bone weakness. It is hoped that
this discussion sheds light on the importance of some seemingly modest outcomes observed in test animals and describes why the most sensitive end points identified in some
chemical risk assessments are significant from a public
health perspective.
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PFOA and PFOS serum concentrations have been associated with increased obesity/overweight among 5-year-old
Norwegian children (136). Associations between higher
childhood BMI and PFOA exposure, but not with other
PFAS, have been noted, with stronger effects in boys (137)
in the Cincinnati, Ohio, area. PFOA, but not PFOS, has
been associated with increased BMI and waist circumference among children aged 12 to 18 years participating
in the US National Health and Nutritional Survey between 1999 and 2021 (138). Prenatal exposures to PFOA
and PFHxS have been associated with increased central
adiposity and risk of obesity/overweight among 12-yearold children whose mothers lived in an area with PFAScontaminated drinking water (139). Children whose
mothers’ serum was tested for PFAS during the first trimester showed a higher incidence of obesity when they
were evaluated during early childhood (140). A study of
young Danish women exposed to PFOA during gestation found an increased risk of elevated BMI at age 20
(141). Children’s serum concentrations were not associated with increased adiposity or body weight, indicating
that prenatal exposures may be more significant (142).
A clinical study examining the effects of energy restricted
diets on weight changes revealed that participants (particularly women) with the highest plasma levels of PFAS
had lower resting metabolic rates and regained weight
more quickly after caloric restriction than did those with
the lowest plasma PFAS levels (142). In utero exposures
of rodents have also provided evidence supporting a critical window of exposure for increased body weight as
well as a possible role for PFOA in increased adiposity
later in life (143). Disruption of metabolic cytokines,
including adiponectin, have been observed in PFOAexposed women (144). For a recent review of chemical
induction of obesity see Amato et al (145).
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