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Abstract

Background: Perfluorooctanoate (PFOA) has been used extensively in the manufacture of both
commercial and household products. PFOA serum concentrations have been associated with
adverse health effects, including lower body mass in children and infants.

Objective: To determine if there is an association between PFOA and body mass, insulin and
lipid profile in exposed young girls.

Methods: We conducted a cross-sectional study of PFAS environmental biomarkers and insulin
resistance in 6 to 8 year-old girls from Greater Cincinnati (n=353). In 2004—-2006, blood samples
were obtained to measure polyfluoroalkyl substances (PFAS), fasting insulin, glucose and lipids.
Clinical exams included anthropometric measurements and pubertal maturation staging. Linear
regression and mediation analyses, specifically structural equation modeling (SEM), were used to
determine the strength and direction of the relationships between PFAS, pubertal maturation
status, body mass index (BMI), cholesterol and insulin resistance.

Results: The median PFOA (7.7ng/ml) was twice the National Health and Nutrition Examination
Survey (2005-2006). Only PFOA, a PFAS sub-species, showed statistically significant
relationships with the outcomes. In regression models, PFOA was associated with decreased BMI
and waist-to-height ratio (p=0.0008; p=0.0343), HDL-cholesterol (p=0.0046) and had a borderline
inverse association with the HOMA Index of insulin resistance (p=0.0864). In SEM, PFOA
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retained an inverse relationship with BMI (p<0.0001) but the relationships with HOMA and HDL-
cholesterol were no longer statistically significant. Pubertal initiation (Tanner breast or pubic stage
2 or greater) and BMI were associated with increased HOMA Index (p<0.0001).

Conclusions: These findings suggest PFOA exposure in young girls affects both BMI and
ultimately insulin resistance. In mediation analysis with puberty in the model, the direct effects of
PFOA on insulin resistance and were reduced.

INTRODUCTION

Recent studies have linked exposures to environmental toxicants with both pre-and post-
puberty adiposity. Environmental chemicals can alter gene expression affecting cell
signaling pathways that regulate energy homeostasis and possibly perturb insulin resistance
and cholesterol fractions.

Environmental chemicals such as per- and polyfluoroalkyl substances (PFAS) are commonly
used in manufacturing and are widely detected in humans biospecimens due to the
prolonged half-life of 3—4 years (Li et al., 2017). PFAS have entered the environment as a
result of the extensive use of fluorochemicals in industrial and consumer products. The
Environmental Working Group estimates that 110 million Americans could have PFAS
contaminated drinking water (Andrews, 2018). One of the most investigated derivatives of
perflouoroalkyl compounds is perfluorooctanoic acid (PFOA). Although concentrations of
PFOA and other PFAS in human serum have decreased over the past five to ten years as a
result of changes in manufacturing processes, potential health effects of PFAS exposure
remain relevant because of persistent past exposure. In the 2005-2006 NHANES cycle, the
reported median PFOA serum concentration in children 12-19 years was 3.8 ng/mL (CDC,
2019). Levels of PFOA in young girls in the Cincinnati cohort of the Breast Cancer and the
Environment Research Program (n=353) were much higher during that period, with a
median value of 7.3 ng/mL and a 99.7% detection level. PFOA values for these girls ranged
from less than the limit of detection (LOD) to 55.9 ng/mL (Pinney et al., 2014). Only one
participant had a value < LOD. The girls in this study were primarily exposed through the
release of PFAS in drinking water from an industrial site in West Virginia (Pinney et al.,
2014).

PFOA exposure during critical developmental periods has been reported to result in altered
health outcomes, including changes in birthweight and weight during childhood, and lipid
profile changes, depending on the timing of the PFOA exposure. In an analysis using
NHANES cross-sectional data from children aged 12-19 years, investigators found that only
perfluorohexane sulfonic acid (PFHxS), but not any other PFAS, had an inverse association
with insulin resistance, assessed by the homeostatic model assessment (HOMA), and was
directly related to total cholesterol in both girls and boys, and to low density lipoprotein
(LDL) cholesterol in boys. PFOA was noted to have a direct relationship with high density
lipoprotein (HDL) cholesterol in girls (Nelson et al., 2010). Multiple other cross-sectional
studies have examined the relationship between maternal or childhood exposure to PFAS,
weight at birth or body mass index (BMI) during childhood, and glucose and lipid
homeostasis, most reporting a decrease in insulin resistance but disparate findings regarding
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body weight and blood lipids (Domazet et al., 2016; Fleisch et al., 2017; Lin et al., 2009; Liu
et al., 2018). However, other studies have reported that PFAS exposure during childhood
leads to increased BMI, adiposity, and cholesterol levels in adults, indicating that the effects
from PFAS may be dependent on the specific age during the window of exposure and the
age at the time the outcome is assessed (Barry et al., 2014; Betts, 2014; Fitz-Simon et al.,
2013; Steenland et al., 2009).

Elevated serum insulin concentrations in the setting of normal or elevated glucose levels is
reflective of a state of insulin resistance, which clinically is often associated with obesity but
can also be diagnosed in a normal weight individual. Pubertal development is itself
associated with a state of insulin resistance (Kelsey and Zeitler, 2016). Early pubertal
development (Tanner stage 2) is associated with higher serum insulin levels (Biro et al.,
2010b) corresponding to increased insulin resistance, perhaps reflecting effects from higher
growth hormone levels during the accelerated pubertal growth spurt that occurs with early
puberty. Female children with higher BMI enter puberty at younger ages (Biro et al., 2013;
Biro, 2003) although the mechanisms by which this occurs are not well understood (Jasik
and Lustig, 2008). Given the previously described childhood PFAS exposure studies and
mixed findings of health effects, we sought to use structural equation modeling (SEM) to
describe the relationship between serum PFAS concentrations in school age children, body
weight, serum insulin, glucose and lipids (cholesterol and triglycerides) in the puberty study
cohort. SEM allowed us to describe the direction of the relationships, incorporate modifying
factors such as pubertal maturation, and to test whether PFOA had a direct or indirect
relationship on the outcomes, specifically outcomes of BMI and insulin resistance.

2. MATERIALS AND METHODS
2.1 Study Design and Participants

Over 1,200 girls were recruited for the puberty study of Breast Cancer and Environment
Research Program (BCERP). Between 2004 and 2006, young girls ages 6 to 8 were
recruited at three sites to evaluate the effect of environmental chemical and metal exposure
on the age of pubertal initiation (Biro et al., 2010a).

The current study was limited to the participants of the Cincinnati cohort of the BCERP. Of
the 379 girls, approximately 85% were recruited from public and parochial schools and the
remaining 15% (with a first or second degree family member with breast cancer) were
recruited through the Breast Cancer Registry of Greater Cincinnati. The sampling frame for
recruitment at the Cincinnati site consisted of elementary schools whose administration had
agreed to participate. Parents of age-eligible girls were given information about that study,
and then, if interested, contacted the study coordinator who screened them for their
daughter’s eligibility. Most frequently voiced parental reasons for not participating included
concerns about the breast palpitation, pubic area observation and phlebotomy included in the
protocol. Exclusion criteria included a history of growth disorders or diabetes at the time of
presentation.

Clinical study visits were conducted on a semi-annual basis with a study visit window of +
four weeks. The Institutional Review Boards from the University of Cincinnati, Cincinnati
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Children’s Hospital Medical Center and the Center for Disease Control and Prevention
approved the study. Written informed consent was obtained from the participant’s parents or
guardians and assent from the girl. This cross-sectional analysis used data from the first
clinical visit including anthropometric measurements, clinical pubertal maturation
assessments and serum concentrations of PFAS for study participants (N=353). The analysis
of insulin resistance was restricted to the 311 girls on whom we also had fasting glucose and
fasting insulin measurements.

2.2 Serum PFAS concentrations

Using the CDC’s standardized sample collection and processing protocol, serum from the
initial study visit was assayed for PFAS concentrations. All materials used in collecting
blood and processing the serum were pre-screened for the presence of PFAS by CDC. Serum
was stored in pre-screened polypropylene cryovials and placed in —80°C freezer s until
shipment to the CDC for PFAS measurement. Methods for assessing PFAS biomarker
concentrations in serum have previously been defined (Kato et al., 2011; Kuklenyik et al.,
2005). Further details on assay of this serum have been previously published (Pinney et al.,
2014).

2.3 Insulin, Glucose and Insulin Sensitivity

Fasting insulin (lp, measured in pg/mL) and glucose (Gg, measured in mg/dL)
concentrations were measured in plasma by the Cincinnati Children’s Hospital Medical
Center (CCHMC) laboratory. Glucose concentration was measured using the hexokinase
technique, on a Hitachi analyzer. Intra-assay variability is 1.0%, inter-assay variability 1.7%.
Insulin was measured by chemiluminescence; intra-assay variability is 1.5-2.3%, inter-assay
variability 2.6-5.9%.

Insulin Sensitivity (SI) was assessed with the Insulin Sensitivity Index (ISlg) and
Quantitative Insulin Sensitivity Index (QUICKI). Insulin Resistance was calculated with
Homeostatic Model Assessment (HOMA-IR). The Insulin Sensitivity Index was defined by
[10%/(1g *Gg)] (Hanson et al., 2000). QUICKI was defined by [1/(log (lp) + log (Gg))] (Katz
etal., 2017) and HOMA-IR was defined by [(Gg*1g)/405] (Matthews et al., 1985). For girls
in early stages of puberty, fasting insulin and glucose are thought to be most accurate for
calculating IS (Adam et al., 2011). QUICKI, calculated from 1/[log(plasma insulin level) x
(plasma glucose level)], has been correlated to euglycemic clamp measurements in children
and adolescents (r = .91) (Gungor et al., 2004), and in obese children and adolescents (r = .
89) (Conwell et al., 2004).

2.4 Cholesterol and Triglyceride

Fasting triglycerides, total cholesterol and HDL also were measured in plasma at the
CCHMC laboratory on a Hitachi analyzer using enzymatic colorimetric procedures for
measurement of cholesterol and triglyceride, and the modified Laboratories of Lipid
Research Clinics method for measurement of HDL cholesterol (Hainline et al., 1986). The
LDL cholesterol concentration was calculated using Friedewald equation, unless the
triglycerides were elevated and direct quantification of LDL-C was performed. Intra-assay
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variability was 1.5% and inter-assay was 0.8% for total cholesterol, and 1.5% and 1.8%
respectively for triglycerides.

2.5 Pubertal Maturation

Trained clinicians used both observation and breast palpation to determine pubertal
maturation stage at each study visit. Thelarche was defined by the onset of breast
development, and pubarche as the first appearance of pubic hair (both sexual maturation
rating stage 2, based on Marshall and Tanner criteria) (Marshall and Tanner, 1969). The
methods for determining maturation have been defined elsewhere (Biro et al., 2010a). For
the structural equation analysis, we considered the ‘puberty’ modifier variable to be present
with reaching sexual maturation rating Stage 2 or greater for either thelarche and/or
pubarche.

2.6 Anthropometry

Height, weight, hip, and waist measurements were obtained by trained clinicians. Each study
participant was wearing only a study-supplied t-shirt and no shoes. Waist and hip
circumferences were measured to the nearest 0.1 cm using a fiberglass measuring tape when
arms were relaxed at the participant’s side and the feet were together. The waist was
measured at its narrowest point and the hip its widest point. Height was measured in cm
using a stadiometer and weight was measured in kg by a digital scale. The reported
measures are an average of two measurements or three if the two measurements differed by
more than 0.5 cm or 0.2 kg. Waist-to-height ratio was calculated as waist circumference
divided by height. Waist-to-hip ratio was calculated as waist circumference divided by hip
circumference. Body mass index (weight/height?) was reported as a Z score (distance
between a participant’s ratio and the mean) and percentile, using these values obtained from
the Centers for Disease Control’s 2000 growth curve reference table (CDC, 2010), which is
both age and sex specific but not race specific.

A Tanita TBF-300A machine was used to measure total fat mass and fat mass percent. Total
lean body mass was calculated from total body mass, based on an assumed hydration
fraction of the lean tissue. Fat mass was reported by the Tanita as the difference between
lean body mass and total body weight (Prentice, 2007). Fat mass percentage was defined as
the proportion of fat mass to the total body weight. The RJL systems bioelectrical
impedance analyzer was used to measure bioelectrical resistance.

2.7 Covariates

Additional covariates selected a priori include race/ethnicity and age in months. The parent
or guardian identified the race/ethnicity of their daughter as Black, non-Hispanic white,
Asian, or Hispanic. For the purposes of this report, race/ethnicity was classified as black
(including black Hispanic), nonblack Hispanic, non-Hispanic white, or non-Hispanic Asian.
Participants could belong to only one race/ethnicity category. Race/ethnicity for this study
was categorized as Black versus all other since the numbers in other categories (Asian,
nonblack Hispanic) were very small. Participant age in months was modeled as a continuous
variable.
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2.8 Statistical Analyses

Following the usual practice, PFAS values below the limit of detection (LOD) were
converted to the value of LOD/V2 (Wolff et al., 2005). All data preparation and regression
analyses were conducted using SAS (version 9.2, SAS Institute, Cary, NC). All structural
equation analyses were conducted using Mplus (version 5.2, Muthén & Muthen, Los
Angeles, CA). The model assumptions for regression and SEM were first verified. An alpha
level of less than or equal to 0.05 was used for determining statistical significance.

We performed regression modeling on the health outcomes for each of these six serum PFAS
concentrations: 2-(N-methyl-perfluorooctane sulfonamido) acetate (Me-PFOSA-AcOH),
perfluorodecanoate (PFDeA), perfluoronanoate (PFNA), PFOA, perfluorooctane sulfonate
(PFOS), and perfluorohexane sulfonate (PFHxS). The health outcomes included 1y, BMIlz,
ISlg, QUICKI, HOMA-IR, waist-to-height. The models incorporated not only serum PFAS
concentration levels as the independent variable but also information on race and age in
months. Race and age were forced to remain in the regression models regardless of their
statistical significance.

In order to investigate the correct direction of the relationship between PFOA and the
outcomes, SEM were constructed. SEM is a statistical method utilizing the maximum
likelihood estimator in which multiple related regression relationships may be modeled.
Variables in SEM may be both independent and dependent depending on their relationship
with one another. Mediators, variables which are both independent and dependent, are able
to “mediate” the effects of the covariates on the dependent variables (Succop et al., 1998). In
this multilevel modeling, the assumption of independence is assumed at the lowest level of
the hierarchy (Muthén and Muthén, 2010). Structural equation model building began
initially by investigating the direction of relationship between PFOA and the health
outcomes as well as other univariate models to determine the causal pathways. A strategy of
backward elimination was then employed using all possible endogenous pathways and
covariates that might affect the casual chain. Insignificant effects were removed. Next, single
forward model building was performed to allow insignificant variables the ability to reenter
the model. Over fifty models were run to determine the direction of the relationships and
determine the best fit of the models. For models without Monte Carlo simulation, models
with insignificant Chi Square values, Root Mean Square (RSMEA) values less than 0.06 and
Comparative Fit Indexes (CFI) greater than 0.9 were considered. Ultimately Monte Carlo
integration was used to stabilize the models. Only the Akaike (AIC) was used to measure
model fit in SEM with a lower AIC equating to a better fit.

3. RESULTS

3.1 Demographic Characteristics

The mean age of the girls included in this study was 7.08 years with a range of 6.00 to 8.83
years. A majority of the girls were non-Hispanic White, with small proportions of Hispanic
(<4%) and Asian (<1%), all combined in one category for analyses (66.3%). About one-
third of the girls were Black (33.7%). Tanner breast staging was obtained on all 353 of the
girls at entry into the study and 15.01% had reached thelarche at the time of the first study
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visit. Pubic hair staging was obtained on 351 of the girls with 8.78% having reached
pubarche. Only eight girls had achieved both thelarche and pubarche. Additional descriptive
statistics are shown in Table 1.

3.2 PFAS Concentrations, Insulin and Glucose

Of eight PFASs measured, six had detectable serum concentrations in over 70% of the girls
and are included in these analyses (Table S-1). Three PFASs (Me-PFOSA-AcOH, PFHXS,
and PFOA) had a study median serum concentration that was about twice the NHANES
2005-2006 median (Table S-1). Table S-2 reports the mean values for fasting glucose
(mean=84.83 mg/dL) and insulin (mean=12.44 ug/mL). Seventeen percent (n=53) of the
girls had fasting insulin concentrations that were above the upper bound of the clinical
reference interval of 15.5 ug/mL(LabCorp, 2001). The median BMI percentile of these girls
was 88.65% and of these girls, 21 had BMIs less than the 85th percentile (not in Table 2). Of
those 21 girls, the median BMI percentile was 50.08% and the average BMIz was 0.11.

3.3 Regression modeling examining the association between PFASs and body
composition, insulin sensitivity and resistance, and triglyceride and cholesterol.

PFAS concentration measurements did not follow a normal distribution and therefore
underwent natural log-transformations. Log-transformed values of lg, 1SIy, Fat Mass and
HOMA were also used in the analyses to normalize the distributions. All other
measurements displayed normal distributions.

Regression analyses were conducted to estimate the effect of the PFAS on the outcomes of
BMiIz, waist-to-height ratio, insulin, glucose and IS and insulin resistance variables.
Covariates forced to be included in all models included race and age in months. Serum
concentration levels of PFOA, Me-PFOSA-AcOH, PFDeA, and PFOS were found to have
statistically significant inverse effects on BMIz and waist-to-height ratio (Table 2 and S-3).
As the serum concentration increased, BMIz of the girls decreased and waist-to-height ratio
decreased. In addition, race was directly associated with BMIz for all of the PFAS except
PFOA.

Only PFOA had a borderline statistical association with the girls’ fasting insulin levels
(Table 3 and S-3). Both Me-PFOSA-AcOH and PFOA had borderline direct effect on insulin
sensitivity (both 1Sl and QUICKI) (p=0.10) and borderline inverse effect on insulin
resistance (HOMA-IR) (p=0.09) (Tables 3 and S-3).

Because no significant associations between the other PFAS species and metabolic
biomarkers of the outcomes were detected, only the relationship between PFOA serum
concentration and insulin resistance was examined in additional linear regression analyses.
BMIz was added to the linear regression model as an independent variable (Table S-4).
When BMIz was included in the model along with the interaction of PFOA and BMlz, the
effects of PFOA on insulin, I1SI, QUICKI and HOMAIR dissipated (not included in table
S4). This is most likely due to the collinearity between BMI and insulin concentrations.

To further understand the relationship between PFOA and BMI, we conducted regression
analyses to investigate the relationship between PFOA and fat mass, fat mass percent
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(proportion of fat to total body weight) and body impedance. The results using this model
showed a statistically significant inverse relationship between the PFOA and fat mass and fat
mass percent indicating that as the serum PFOA concentration increased, the fat mass
percent decreased (p=0.0009) (Table 2). There was no association of PFOA with body
impedance.

PFOA serum concentration was directly associated with serum HDL concentration
(p=0.0046), but no association was seen with total serum cholesterol, triglyceride
concentration, nor the calculated value of non-HDL cholesterol. There was a direct
relationship between African American race and HDL, but an inverse relationship with
triglyceride concentration (Table S-5).

3.4 Structural Equation models (SEM) examining PFOA as a predictor of adiposity and
insulin resistance

The final SEM indicated that serum PFOA concentration in girls aged 6-8 years was
inversely related to their BMIz, which then had a direct effect on HOMA (Figure 1). Any
borderline effect of PFOA on HOMA dissipated when pubertal maturation and BMIz were
added to the model. Furthermore, pubertal maturation acted as an effect modifier of the
relationship between BMIz and HOMA in that BMIz was a significant determinant of early
pubertal maturation, and pubertal maturation was a significant determinant of increased
HOMA. As previously described, race (African American) and increased BMI are
determinants of earlier pubertal maturation (Biro et al., 2013). Although there was a
significant effect of PFOA on HDL in the regression models, when HDL was added to the
final SEM, HDL had no significant effect on HOMA and was ultimately not included.

4. DISCUSSION

To our knowledge, this is the one of the first studies to investigate the combined
relationships between PFAS, serum insulin and glucose, serum lipids, anthropometric
measures and early stage pubertal maturation in girls from 6 to 8 years, using structural
equations to demonstrate the direction of the associations and allow for mediators, both of
which lend strength to this study. Linear regression is not able to show the direction of the
relationship between various measures, but can only be used to determine if a relationship
exists in a pre-determined direction. SEM also allowed us to postulate richer relationships
between the variables as not all variables in SEM need to have direct relationships on the
ultimate outcome.

An earlier publication (Hillman et al., 2013) using much of the same cohort but without any
inclusion of environmental exposure, reported similar results regarding the relationships
among BMIz, waist-to-height ratio, breast maturation and insulin sensitivity. However, they
used a statistical approach (SOBEL’s test for significance) which limited testing for the
presence of indirect effects to using regression models and presumes an a priorf distinction
between the dependent variable and the independent variable (Sobel, 2013). The authors
assumed that the effect on insulin sensitivity by pubertal maturation was mediated via BMlz.
SEM used in the present analysis did not predetermine the delineation between the
dependent and independent variables since the variable could be independent in one model
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and dependent in another model. The current approach with SEM provided evidence that the
predominant effect of PFOA was on BMIz, and BMIz’s effect on insulin resistance was
mediated by pubertal maturation.

Previous studies of this cohort (Herrick et al., 2017; Pinney et al., 2014) suggest that the
primary exposure route for greater Cincinnati girls was through drinking water and that the
source was an industrial facility upriver from Cincinnati, in West Virginia. Since production
at this facility has been curtailed since 2002 and ceased in 2011, it is likely that the serum
concentrations of these greater Cincinnati girls were higher around the time of their birth

and infancy (most between 1998 and 2000) than they were at the time of this study. Serum
concentrations measured in a Cincinnati area adult cohort in the 1990s were high (adjusted
geometric mean 16.4 ng/mL) and our PBPK modeling suggested a 3.8 year half-life (Herrick
etal., 2017).

Studies in humans have shown that low-dose intrauterine exposure to PFOA disrupts normal
fetal growth and development. Most studies have reported an inverse association between
maternal serum PFOA concentrations and birth outcomes such as birth weight, head
circumference, gestational age and length and ponderal index (Apelberg et al., 2007; Fei et
al., 2007; Lee et al., 2013; Starling et al., 2017). Additionally, prenatal concentrations of
PFOA in mothers in Project Viva (median 5.6 ng/mL) were associated with an increase in
BMI and fat mass in mid-childhood (mean 7.7 years) in their daughters, but not with
HOMA-IR (Fleisch et al., 2017; Mora et al., 2017), reflecting a well-described
developmental /in utero programming pattern in which an environmental exposure results in
decreased birthweight followed by increased weight and adiposity later in life (Simmons,
2005; Symonds, 2007; Hoffman et al., 2017). However, other studies of PFAS exposure in
childhood and adolescence reported an inverse association with weight and insulin resistance
in childhood. Among a sub-cohort of children in Project Viva, with serum PFOA
concentrations (geometric mean 4.2 ng/mL) somewhat lower than that of girls in our study,
there was an inverse relationship between serum PFOA and HOMA-IR which was more
pronounced in prepubertal female children, median age 7.6 years. (Fleisch et al., 2017). In a
study of young children in the New York City area, PFHxS was associated with decreased
insulin resistance (Koshy et al., 2017). We report similar relationships with linear regression
analyses in our cohort, and our findings from the SEM analyses add information about the
direction of the relationship

Findings in studies of PFAS exposure and effects in adolescent health have had mixed
results. In the European Youth Heart Study cohort, childhood PFOA exposure (median 9.0
ng/mL) was associated with elevated BMI at age 15 years, and also increased skinfold
thickness and waist circumference at age 21 years. In multi-variable models, childhood
PFOA exposure (at 9 years) was inversely related to HOMA-IR at age 15 and 21 years
(Domazet et al., 2016). In NHANES 1999-2000 and 2003-2004, adolescents (mean age
15.5 years), PFNA serum concentration was associated with hyperglycemia but also lower
HDL cholesterol (Lin et al., 2009).

In a more recent study of NHANES 2013-2014 data, in adults, PFOA was not associated
with HOMAIR, but the toxicokinetics of isomers differed. While increased linear PFOA was
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associated with increased total cholesterol and serum albumin, increased branched PFOA
was significantly associated with HDL-C and negatively associated with glycohemoglobin
(HbA1C), an indicator of elevated blood glucose) (Liu et al., 2018). In a study of greater
Cincinnati adults, the PFOA found in serum was primarily linear (97%) (Herrick et al.,
2017), but we have not yet examined the relationship with serum glucose and insulin in this
cohort.

In most prior studies examining the relationship between PFOA exposure and the lipid
profile in children and adolescents, cholesterol levels increased with PFOA exposure (Khalil
et al., 2018; Koshy et al., 2017; Maisonet et al., 2015; Mora et al., 2017; Zeng et al., 2015).
Geiger (Geiger et al., 2014) found total and LDL cholesterol were significantly associated
with PFOA (mean 4.2 ng/mL) and PFOS exposure (mean 17.7 ng/mL) in a nationally
representative sample of adolescents, but not HDL-C and triglycerides. In Taiwanese
children, age 12-15 years, PFOS, PFOA and PFNA were positively associated with total,
LDL cholesterol and triglycerides, and HDL cholesterol decreased linearly across quantiles
of PFOS and PFOA exposure (Zeng et al., 2015). In a study of prenatal PFOA exposure in
the Avon longitudinal cohort, lower tertile maternal serum PFOA, but not middle or upper,
was directly associated with total cholesterol at age 7, and with LDL-C at age 15 in a non-
monotonic pattern of exposure effect (Maisonet et al., 2015). In the Project Viva cohort,
higher PFOA (median 4.3 ng/mL) was associated with higher total cholesterol in girls, and
higher HDL cholesterol in all children. Higher PFDeA was associated with a higher total/
HDL-C ratio (Mora et al., 2018). Investigators of a cross-sectional study of children of the
World Trade Center Health Registry and an age matched non-WTC comparison group, ages
0-8 years, with low PFAS exposure levels (1.81 ng/mL and 1.39 ng/mL median serum
concentrations of PFOA respectively), reported positive associations of PFOA with
triglycerides, total and LDL cholesterol (Koshy et al., 2017). We tested this hypothesis in a
cohort of young girls, and did find evidence of significantly increased HDL-C and decreased
insulin resistance both directly and indirectly through BMI in SEM models.

Metabolic homeostasis with PFOA exposure has been demonstrated in animal models, with
some evidence that this effect is related to the life cycle age at exposure. Alterations in
hepatic sterol metabolism and increases in circulating cholesterol levels in obese rats can
lead to a range of effects on glucose and insulin levels depending on the age of assessment
(Zoltowska et al., 2001). Hines et al., 2009 showed that low-dose /n utero exposure to PFOA
in mice resulted in increased total body weight in mid-life, elevated organ weight gain and
increased rate of weight gain, and increased serum insulin and leptin (Hines et al., 2009).
However, this study also demonstrated a “critical window” effect of PFOA exposure,
exemplified by high dose PFOA exposure during the post-weaning period resulting in lower
body weight and PFOA exposure during adulthood having no effect on body weight gain.
Likewise, rodent model studies have provided evidence of alterations in cholesterol with
PFOA exposure. When fed diets containing both cholesterol and fat, both male Balb/c mice
and especially male and female C57BL/6 mice developed hypercholesterolemia with altered
expression of genes associated with hepatic sterol output (bile acid production) but
expression of genes associated with sterol input was reduced only in C57BL/6 mice
(Rebholz et al., 2016). Spady et al. (1993) suggested that sterol imbalance also may occur in
humans.
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Although our findings provide some insight into the mechanism of PFOA exposure on body
composition in female children, many questions remain. Waist-to-height ratio is an accurate
assessment of central adiposity (Biro et al., 2010b), and in our study, waist-to-height ratio
was inversely related to PFOA concentration, suggesting less central adiposity in the girls
with increased PFOA exposure. Since the girls with higher PFOA levels had both lower
BMiIs and lower % fat mass, PFOA may be associated with increased mobilization of stored
energy in the form of adipose tissue through lipolysis. Free fatty acids and glycerol are
hydrolyzed or released from adipose tissue during lipolysis for the mobilization of stored
energy during fasting or exercise. We did not measure free fatty acids, but future studies
assaying lipodomics would provide key mechanistic data by ascertaining which lipid species
are altered after PFOA exposure during pubertal development.

We conducted a cross-sectional analysis within a longitudinal cohort, due to the fact that we
had measurements of glucose and insulin only at the time of the baseline examination.
Ideally we would have been able to examine these factors in the cohort longitudinally, with
repeat measurements of PFOA and the outcome variables, and would have shown whether
these relationships changed as the girls matured. We are in the process of conducting
longitudinal analyses examining BMI, waist:height and waist:hip ratios. The present study is
limited by examining a single population, thus limiting generalizability. Also, humans are
exposed to an array of environmental exposures, and we considered only one class of
chemicals in this analysis, implicitly assuming that the levels of all others were randomly
across the outcomes. However, the PFOA in this population were twice the median
NHANES average providing a unique opportunity to examine a higher exposed population.
A additional potential limitation are false positive findings created by multiple testing. We
examined twelve outcomes in this set of girls. A Bonferoni adjustment would result in a p-
value=0.0041. Of the PFOA linear regression models, this would only change the
significance of its relationship with waist to height (p=0.0342) and LDL (p=0.0046)

5. CONCLUSIONS

In this cohort of girls age 6 to 8 years, increasing serum PFOA concentrations were
associated with decreased BMIz and fat mass percent. Structural equation modeling showed
causal direct effects of the young girls’ PFOA serum concentrations on BMIz, and an
indirect effect on pubertal maturation through BMI. Structural equations further showed
PFOA levels had both a direct effect on HOMA and an indirecteffect through BMI. In these
models, pubertal maturation acts as an effect modifier of the relationship between BMIz and
HOMA. A further weight reduction in those children who are underweight because of
chronic conditions is an unfavorable outcome. From a population perspective, environmental
exposures are most likely to have a deleterious effect on those in the tails of the distribution
of the outcome. For BMI, it would be those who are either underweight (if the exposure
effect is to decrease weight) or obese (if the exposure effect is to increase weight). The long-
term implications of the reduction in childhood BMI with childhood PFOA exposure remain
to be seen as others have reported that childhood PFOA exposure is associated with
increased BMI in adulthood. Our observed exposure-related decrease in BMI may reflect an
effect during only one developmental stage in obesity and possibly adipogenesis. Additional
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longitudinal studies are needed to further probe biological mechanisms and to determine the
potential longer-term effects of prepubertal exposure to PFOA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Per- and polyfluoroalkyl substances (PFAS) have been commonly used in
manufacturing and are widely detected in humans due to a half-life of 3-4
years

Previous studies have shown PFAS exposure during some developmental
windows resulted in decreased weight and changes in the lipid profile

Median levels of PFOA in this study population of girls, primarily exposed
through drinking water, were almost twice the NHANES level.

A strong linear relationship was found between PFOA and BMI, PFOA and
HDL cholesterol.

Structural equation modeling revealed that the PFOA exposure effect of
decreasing BMI consequently decreased insulin resistance.
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Figure 1.

Structural equation model of the complex relationships between PFOA, BMI and insulin

resistance.
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