Distribution Agreement

In presenting this thesis or dissertation as a partial fulfillment of the requirements for an
advanced degree from Emory University, | hereby grant to Emory University and its
agents the non-exclusive license to archive, make accessible, and display my thesis or
dissertation in whole or in part in all forms of media, now or hereafter known, including
display on the world wide web. I understand that I may select some access restrictions as
part of the online submission of this thesis or dissertation. I retain all ownership rights to
the copyright of the thesis or dissertation. I also retain the right to use in future works
(such as articles or books) all or part of this thesis or dissertation.

Signature:

Natalie Hurlock Date



Prenatal Exposure to Per- and Polyfluoroalkyl Substances (PFAS) and Cardiometabolic
Risk in British Youth

By

Natalie Hurlock
MPH

Epidemiology

Terryl J. Hartman, PhD, MPH, RD
Committee Chair

Kristin Marks, MPH
Committee Member



Prenatal Exposure to Per- and Polyfluoroalkyl Substances (PFAS) and Cardiometabolic
Risk in British Youth

Natalie Hurlock
Bachelor of Arts

Emory University
2018

Faculty Thesis Advisor: Terryl J. Hartman, PhD, MPH, RD



An abstract of
A thesis submitted to the Faculty of the
Rollins School of Public Health of Emory University
in partial fulfillment of the requirements for the degree of
Master of Public Health
in Epidemiology
2020



Abstract

Prenatal Exposure to Per- and Polyfluoroalkyl Substances (PFAS) and Cardiometabolic
Risk in British Youth
By Natalie Hurlock

Per- and polyfluoroalkyl substances (PFAS), coined as “forever chemicals”, are
man-made chemicals commonly used in household products like nonstick cookware and
coatings to make surfaces water and stain resistant. Humans are exposed to low-levels of
PFAS in their everyday lives, while some communities face heightened exposure from
contaminated drinking water or proximity to manufacturing sites. We investigated
associations between serum concentrations of perfluorooctanoic acid (PFOA),
perfluorooctane sulfonic acid (PFOS), perfluorohexane sulfonic acid (PFHxS), and
perfluorononanoic acid (PFNA) in pregnant women and eight cardiometabolic
biomarkers in their children at age 9. The study population included 553 mother-child
dyads from the Avon Longitudinal Study of Parents and Children (ALSPAC).
Associations were modeled by multivariable linear regression and adjusted for maternal
education, pre-pregnancy BMI, age, and smoking status. PFOS concentrations were the
highest and the most consistently associated with cardiometabolic outcomes compared to
the other PFAS examined. Among girls, 1-ng/mL higher prenatal PFOA and PFOS
concentrations were associated with 3.32% (95% confidence interval (95% CI): 0.04,
6.70) and 0.77% (95% CI: 0.16, 1.39) higher triglycerides, respectively, and 0.5-ng/mL
higher prenatal PFNA was associated with 13.77% (95% CI: 0.19, 29.19) higher
triglycerides. Prenatal PFOS was associated with higher cholesterol among girls and boys
(percent difference (%A) = 0.35% (95% CI: 0.14, 0.55) among girls and %A = 0.29%
(95% CI: 0.02, 0.56) among boys). Lastly, prenatal PFAS were consistently associated
with lower adiponectin levels among boys (%A associated with 1-ng/mL higher prenatal
PFOA =-4.42% (95% CI: -7.63, -1.11) and %A associated with 1-ng/mL higher prenatal
PFOS =-0.78% (95% CI: -1.53, -0.03), %A associated with 0.5-ng/mL higher prenatal
PFNA =-20.43% (95% CI: -31.32, -7.82)). Overall, in this subsample of 9-year-old
British boys and girls, findings suggest that PFAS are positively associated with
triglycerides and cholesterol and inversely associated with adiponectin, varying by sex.
There was little evidence of associations between PFAS and HDL, LDL, HbAlc, and IL-
6 in the present subsample and all associations with CRP were null.
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Introduction

Childhood obesity is a pressing public health issue and has reached epidemic
levels in both developing and developed countries.!? The consequences are vast and
burdensome as overweight and obese children are more likely to be overweight in
adulthood and face an increased risk of developing chronic diseases at younger ages.?
Childhood obesity is driven by social and environmental factors and is a primary
determinant and predictor of cardiometabolic risk in adulthood.* Cardiometabolic risk
factors are those commonly associated with increased risk of cardiovascular disease and
type 2 diabetes and can be used in primary prevention efforts to target individuals at risk
and reverse negative health outcomes.* Traditional cardiometabolic risk factors include
age, race, sex, family history, hypertension, dysglycemia, dyslipidemia, and smoking,
while emerging research establishes the importance of abdominal obesity, insulin
resistance, inflammation, diet, physical activity, and psychosocial stress.® These risk
factors are interrelated and interact through metabolic pathways in the body. Emerging
evidence suggests environmental exposures such as man-made endocrine disrupting
chemicals (EDCs) may predispose individuals to excess weight gain and adverse health
effects by altering metabolic pathways and disrupting glucose and lipid homeostasis.”®

Per- and polyfluoroalkyl substances (PFAS) are a class of EDCs used to make
protective coatings on household products such as carpet, furniture, food packaging, and
nonstick cookware.? Prevalent in our everyday environments, exposure to PFAS is
widespread and pervasive. PFAS commonly detected in human serum samples include

perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid (PFOS), perfluorohexane



sulfonic acid (PFHxS), and perfluorononanoic acid (PFNA). PFAS were detected in 97—
100% of serum samples collected from Americans who participated in the 2011-2012
National Health and Nutrition Examination Survey (NHANES).'? In addition to their
widespread prevalence, PFAS do not readily break down and therefore, bioaccumulate in
the environment and body. To depict the persistent nature of these synthetic chemicals,
half-life estimates in human blood are 2.3 to 3.8 years for PFOA, 5.4 years for PFOS, 8.5
years for PFHxS, and 2.5 to 4.3 years for PFNA.!""!5 Alarmingly, PFAS have also been
detected in umbilical cord blood and amniotic fluid of pregnant women.!® This indicates
prenatal exposure during critical periods of development and potential for negative long-
term health effects.!”

Existing epidemiologic studies have linked prenatal exposure to PFAS to
adiposity measured by body mass index (BMI), waist circumference, and percent body
fat, while few studies have investigated the relationship between prenatal PFAS exposure
and blood lipid and glucose levels.”#!3:19 Evidence suggests positive associations
between prenatal PFAS and cholesterol and low-density lipoprotein (LDL)
concentrations, but overall trends are inconsistent due to study population characteristics
such as age, location, health status, and PFAS exposure level.>!729-23 Results also vary by
each PFAS studied. To our knowledge, no studies to date have investigated the
relationship between PFAS and inflammatory biomarkers like C-reactive protein (CRP)
and interleukin-6 (IL-6) in adults or adolescents.

The current study uses data from the Avon Longitudinal Study of Parents and
Children (ALSPAC) to explore the relationship between maternal serum concentrations

of PFOA, PFOS, PFHxS, and PFNA during pregnancy and cardiometabolic risk in



children at age 9 measured by blood levels of triglycerides, cholesterol, high-density

lipoprotein (HDL), LDL, adiponectin, hemoglobin Alc (HbAlc), CRP, and IL-6.

Methods

Study Population

The Avon Longitudinal Study of Parents and Children (ALSPAC) recruited
14,541 pregnant women whose expected delivery dates were between April 1, 1991 and
December 31, 1992 from the Avon region in Great Britain. Participating mothers and
children completed surveys and participated in clinical assessments. Details on study
recruitment and ALSPAC methodology are described elsewhere.?+2

The present study uses a subset of data from the ALSPAC cohort to examine the
relationship between prenatal exposure to PFAS and cardiometabolic risk factors at age
9. Data used in the present study were originally obtained to study associations between
prenatal exposure to EDCs and growth and development in children. A nested case-
control identified 448 mother-daughter dyads to study the association between prenatal
exposure to EDCs and age at menarche among daughters.?® Cases (n=218) included girls
who had early menarche, defined as menarche before 11.5 years of age, and controls
(n=230) included girls who had menarche at 11.5 years of age or after. In addition, 457
mother-son dyads from the ALSPAC cohort were identified in such a way as to maximize
data on puberty and dual energy X ray absorptiometry (DXA) scans to measure body
composition. This subset included sons who completed two or more puberty

questionnaires before age 13 and had two or more DXA scans. Among the total sample of

905 dyads available for the present study, 252 mother-daughter dyads and 301 mother-



son dyads had complete data for maternal serum concentrations of PFAS and
cardiometabolic risk factors at age 9, and this is the final subset used for analyses
(Supplementary Figure 1).

Please note that the study website contains details of all the data that is available
through a fully searchable data dictionary and variable search tool

(http://www.bristol.ac.uk/alspac/researchers/our-data/). Ethical approval for the study

was obtained from the ALSPAC Ethics and Law Committee and the Local Research
Ethics Committees. Consent for biological samples has been collected in accordance with
the Human Tissue Act (2004). Lastly, informed consent for the use of data collected via
questionnaires and clinics was obtained from participants following the recommendations

of the ALSPAC Ethics and Law Committee at the time.

Exposure assessment

Maternal serum concentrations of PFAS were analyzed to assess prenatal
exposure to PFAS. The following PFAS were examined in this analysis: PFOA, PFOS,
PFHxS, and PFNA. Maternal serum samples were collected at median 19 weeks gestation
(IQR: 11-33 weeks gestation) and stored at the University of Bristol. Maternal serum
samples were transferred to the CDC’s National Center for Environmental Health
(NCEH) in the United States for analysis. Samples were analyzed by isotope dilution
high-performance liquid chromatography-tandem mass spectrometry.?’-?® Among
mothers of daughter, limits of detection were 0.10 ng/mL for PFOA and PFHxS, 0.20
ng/mL for PFOS, and 0.082 ng/mL for PFNA. Among mothers of sons, limits of
detection were 0.10 ng/mL for all four PFAS analyzed. The four PFAS of interest were

detected in all samples analyzed with the exception of one PFHxS and one PFNA sample



from mothers of daughters that were below the limit of detection and excluded from

analyses.

Outcome assessment

Non-fasting blood samples were collected from ALSPAC children who attended a
clinical assessment at age 9 and were immediately centrifuged and stored at -80°C.
Samples were analyzed after median 7.5 years in storage and had not been previously
thawed. Lipid assays were analyzed using a modification of the standard Lipid Research
Clinics Protocol with enzymatic reagents, and LDL levels were calculated using the
Friedewald equation. HbA1c was analyzed using a Menarini HA 8140 auto-analyzer.
Measures of HbA1c were expressed as a percentage of total hemoglobin and were only
available for a smaller subset of participants. Adiponectin and IL-6 biomarkers were
measured by ELISA (R&D Systems, Abingdon, UK), and CRP was measured by
automated particle-enhanced immunoturbidimetric assay (Roche, UK). All assay

coefficients of variation (CV) were less than 5%.2°-3!

Covariates

Potential confounders were identified a priori based on previous literature and
biological plausibility. The following covariates were considered: maternal race
(white/non-white), maternal education (categorized as < O-level, O-level, > O-level
where O-level is the ordinary level of education required at age 16), pre-pregnancy BMI
(kg/m?), maternal age at delivery (years), smoking during pregnancy (any/none), alcohol
use during the first 1-3 months of pregnancy (any/none), and parity
(nulliparous/multiparous). Maternal age was recorded by clinical staff and all other

covariates were self-reported by mothers during pregnancy or shortly after giving birth.



We avoided covariates thought to be on the causal pathway between PFAS and

cardiometabolic outcomes, such as child’s BMI and diet.

Statistical analyses

All exploratory and statistical analyses were performed in SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA). Descriptive analyses were performed for PFAS and
cardiometabolic outcome variables, and we examined levels of PFAS across each
covariate. Triglycerides, CRP, and IL-6 were severely right-skewed and all other
outcome variables were approximately normal. All outcome variables were natural log-
transformed for continuity in interpretation and R-square statistics were slightly higher
when outcomes were log-transformed. Multivariable linear regression models were used
to examine the association between maternal serum concentrations of PFAS during
pregnancy and cardiometabolic risk factors in children at age 9. Final models were
adjusted for maternal education, pre-pregnancy BMI, age, and smoking during
pregnancy. Pre-pregnancy BMI and maternal age were included in models as continuous
variables, and maternal education and smoking were included as categorical variables.
All exposure and outcome variables were modeled as continuous variables. Alcohol
consumption did not confound associations according to the 10% change in estimate
method and therefore, was not included in the final models.*? Boys and girls were
analyzed separately due to differences in sampling methods. The subset of mother-
daughter dyads used in the present analysis was weighted to account for the nested case-
control study design and adjust for under-representation of the true number of girls
without early menarche. The weight for cases (girls with menarche < 11.5 years) was 1,

and the weight for controls (girls with menarche > 11.5 years) was 15.1.3 Percentage



differences in cardiometabolic outcome variables associated with 1-ng/mL higher PFOA,
PFOS, and PFHxS were calculated as %A = (exp(f)-1) x 100, and percentage differences
in cardiometabolic outcome variables associated with 0.5-ng/mL higher PFNA were
calculated as %A = (exp(f x 0.5)-1) x 100. An alpha level of 0.05 presented with a 95%

confidence interval (95% CI) was used to determine significance for all statistical tests.

Results

Characteristics of the study population

Mothers included in the study population (N=553) were predominantly white
(95.8%) and received ordinary levels of education or higher (79.2%). The majority of
mothers had a normal pre-pregnancy BMI (69.8%) and were at least 25 years old at
delivery (84.6%). Few reported smoking during pregnancy (12.8%), meanwhile over half
of participating mothers reported drinking alcohol during the first 1-3 months of
pregnancy (55.5%). Lastly, about half of the mothers had given birth before (50.6%)
(Table 1). Of the four PFAS analyzed, PFOS concentrations were the highest while
PFNA concentrations were the lowest and very narrow in range (Table 1). PFAS and
covariate distributions among the 553 dyads with complete data did not vary greatly from
the original sample of 905 dyads (Supplementary Table 1). In this subset of ALSPAC
children, median values of cardiometabolic biomarkers were slightly higher in girls
compared to boys for all outcome variables except HDL (Table 2).
PFAS & Lipids

Associations between PFOA, PFOS, and PFNA and lipid outcomes varied. In

contrast, all associations between PFHxS and lipid outcomes were null. PFOA, PFOS,



and PFNA were positively associated with triglycerides among girls but not boys. For
girls, 1-ng/mL increases in maternal serum PFOA and PFOS were associated with 3.32%
(95% CI: 0.04, 6.70) and 0.77% (95% CI: 0.16, 1.39) higher triglycerides, respectively. A
0.5-ng/mL increase in PFNA was associated with 13.77% (95% CI: 0.19, 29.19) higher
triglycerides among girls.

PFOS was positively associated with cholesterol among girls and boys. A 1-
ng/mL increase in PFOS was associated with 0.35% (95% CI: 0.14, 0.55) higher
cholesterol among girls and 0.29% (95% CI: 0.02, 0.56) higher cholesterol among boys.
In addition, a 1-ng/mL increase in PFOA was associated with 1.25% (95% CI: 0.02, 2.48)
higher cholesterol among boys. A 0.5-ng/mL increase in PFNA was associated with
5.43% (95% CI: 0.90, 10.16) higher cholesterol among girls.

Weak associations between PFOS and HDL and LDL were observed among girls
only. A 1-ng/mL increase in PFOS was associated with 0.33% (95% CI: 0.01, 0.65)
higher HDL and 0.37% (95% CI: 0.01, 0.74) higher LDL among girls.

PFAS & Glucose Regulation

Evidence of an inverse association between PFAS and adiponectin is consistent
among boys but not girls. For boys, a 1-ng/mL increases in PFOA and PFOS were
associated with 4.42% (95% CI: -7.63, -1.11) and 0.78% (95% CI: -1.53, -0.03) lower
adiponectin. Additionally, a 0.5-ng/mL increase in PFNA was associated with 20.43%
(95% CI: -31.32, -7.82) lower adiponectin among boys. Contradictory to this trend, a 1-
ng/mL increase in PFOS was weakly associated with 0.57% (95% CI: 0.03, 1.11) higher

adiponectin among girls.



In this analysis, evidence of a relationship between PFAS and HbA1lc was weak.
A 1-ng/mL increase in PFHxS was associated with 0.27% (95% CI: 0.02, 0.51) higher

HbA1c among girls, while all other associations were null.

PFAS & Inflammation

Associations between PFAS and CRP were null among girls and boys.
Associations between PFAS and interleukin-6 were mostly null but indicate an inverse
relationship. A 0.5-ng/mL increase in PFNA was associated with 21.58% (95% CI.: -
38.43, -0.10) lower IL-6 among girls, and a 1-ng/mL increase in PFHxS was associated

with 1.89% (95% CI: -3.71, -0.03) lower IL-6 among boys.

Discussion

We hypothesized that maternal serum concentrations of PFAS during pregnancy
would be associated with higher cardiometabolic risk in children at age 9 indicated by
higher triglyceride, cholesterol, LDL, HbAlc, CRP, and IL-6 and lower HDL and
adiponectin concentrations. After adjusting for confounders in multivariable regression
analyses, results from the present study support positive associations with triglycerides
and cholesterol and an inverse association with adiponectin, varying by sex. Among the
PFAS evaluated, PFOS was most consistently associated with cardiometabolic outcomes,
while PFHxS was the least.

Evidence of the relationship between prenatal PFAS and cholesterol is consistent
with the literature, while triglyceride and LDL results diverge from the existing literature.
A nationally representative cross-sectional study of 815 US adolescent participants in the

National Health and Nutrition Examination Survey (NHANES) from 1999-2008 analyzed
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boys and girls together and observed positive associations between serum concentrations
of PFOA and PFOS and total cholesterol and LDL and null associations with HDL and
triglyceride levels.?! These results using NHANES data are consistent with those from a
study that used a small subset of 111 ALSPAC mother-daughter dyads to examine
prenatal exposure to PFOA and PFOS and blood lipids at age 7.!7 In the present study,
associations between prenatal exposure to PFAS and LDL were largely null. In addition,
prenatal PFAS was positively associated with triglycerides among girls in the present
subsample. Several cohort studies have determined that cardiometabolic risk factors in
childhood are best measured at or after age 9, which could explain the difference in
results from the previous ALSPAC study.*

Trends in associations between early PFAS exposure and glucose regulation are
inconsistent in the literature and have been shown to vary among adolescents and
adults.>!%?23% The inverse relationship observed between prenatal PFAS and adiponectin
among ALSPAC boys in the present study adds to the literature and agrees with our
hypothesis.

To our knowledge, the relationship between prenatal PFAS exposure and
inflammatory biomarkers has not been previously studied in adult or adolescent
populations. IL-6 is synthesized at the initial stage of inflammation and triggers release of
CRP into the bloodstream.?® Therefore, inverse associations between prenatal PFAS and
IL-6 observed in the present study could indicate a disruption in immune response and
could in turn, explain null associations with CRP.

While the difference in sampling methods between girls and boys could affect

results, variation by sex is also consistent with previous literature. A large US birth
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cohort of about 1,000 pregnant women and offspring with follow-up at median age 7.7
observed positive associations between prenatal PFOA, PFOS, PFHxS, and PFNA and
BMI, waist circumference, and total body fat among girls only.® Similarly, a prospective
Danish cohort of 665 pregnant women and offspring with follow-up at age 20 observed
positive associations between maternal serum concentrations of PFOA during pregnancy
and BMI and waist circumference among female but not male offspring.'’

Experimental studies have evaluated several potential mechanisms through which
PFAS may affect weight gain and cardiometabolic risk. First, PFAS are hypothesized to
alter gene expression of peroxisome proliferator-activated receptors, regulators of lipid
and lipoprotein metabolism. Through this mechanism, PFAS could elevate blood lipids
and prompt predisposition to excess weight gain and hypertension. 82 In addition,
PFAS have endocrine disrupting properties which can explain their influence on glucose
regulation, immune response, and the difference in effect between males and females
since the endocrine system regulates a network of glands and organs through hormones
released in the bloodstream. 37-38

Definitions for metabolic syndrome and cardiometabolic risk factors have been
adapted for children, but there is less consensus because complications such as pubertal
insulin resistance and lipid variation by age and race make it difficult to define what
abnormal and normal levels are.*3%4° The World Health Organization (WHO), the
European Group for the Study of Insulin Resistance (EGIR), the National Cholesterol
Education Program (NCEP) Adult Treatment Panel III (ATP III), and the International
Diabetes Foundation (IDF) offer definitions of metabolic syndrome that include the

following key components: abdominal obesity measured by waist circumference,
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hyperglycemia measured by fasting glucose or insulin resistance, dyslipidemia measured
by abnormal triglyceride and HDL levels only, and hypertension.*! Therefore, there is
less consensus but growing interest in LDL, CRP, IL-6, adiponectin, and HbAlc because
these biomarkers have been tracked from childhood into adulthood and are known
predictors of cardiometabolic outcomes.>*?

According to the American Heart Association, abnormal lipid levels in mg/dL for
children 10-19 years of age are characterized as >130 triglycerides (=100 for 0-9 years
of age), =200 total cholesterol, <40 HDL, and =130 LDL.* Using receiver operator
characteristic curves (ROC curves), low adiponectin levels have been classified as below
5.5 and 5.75 pg/mL in predicting metabolic syndrome in at-risk adults.***> A European
study aimed to establish reference values for adiponectin in normal weight children ages
3-9 years old from the Identification and prevention of Dietary- and lifestyle-induced
health EFfects in Children and infantS (IDEFICS) cohort, and 3%, 50%, and 97t
percentiles for adiponectin at age 8-8.9 years old were 3.64, 10.11, and 17.43 pg/mL
among girls and 3.53, 8.60, 17.15 pg/mL among boys. Adiponectin levels in overweight
and obese children were slightly lower.*® The American Diabetes Association establishes
an HbA1c reading of less than 5.7% as normal, 5.7% to 6.4% as prediabetic, and 6.5% or
higher as diabetic in youth and adults.*’ Lastly, cutoffs for abnormal CRP and IL-6 levels
in children are not well documented in the literature, but elevated CRP and IL-6 levels
associated with cardiovascular events in adults have been classified as >2 mg/L and =5
pg/mL, respectively.*$4

Given this context, generally all median cardiometabolic outcomes in the present

cohort meet normal levels by standards discussed in the literature and summarized above
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(Table 2). Median triglyceride levels could be considered borderline, meanwhile the
percentages of participants with abnormal cholesterol, HDL, and LDL levels were less
than 15%. In addition, overall median adiponectin levels were 11.77 (IQR: 8.64-15.58)
pg/mL, and median HbA 1¢ measured as a percentage was 4.90 (IQR: 4.80-5.10). A small
percentage of the present cohort (5.8%) had adiponectin levels below 5.75 pg/mL, and
only 3 participants (<1%) had abnormal HbA1c levels. Lastly, overall median CRP and
IL-6 levels were very low as we would expect to see in children. Only 6.7% and 2.2% of
the present cohort had elevated CRP and IL-6 levels, respectively (Supplementary Table
2). Therefore, we expected to detect very small associations due to the generally healthy
cardiometabolic profile and age of this cohort. While it may be difficult to discern the
biological significance of a less than 5% difference in blood lipids or glucose-regulating
proteins, it is plausible that small changes in cardiometabolic predictors over time may
lead to clinical health effects, and a small change at the individual level may have
implications at the population level, especially when the exposure is prevalent.’%>! In
addition, a less than 5% difference in biomarkers that reflect long-term levels rather than
tightly controlled and fluctuating biomarkers may be clinically significant even while
modest. For example, clinicians interpret a 0.5% difference in HbAlc, a marker of one’s
average blood glucose levels over the last 2-3 months, as a significant change in glycemic
control.>

Strengths of this study include prospective study design and reliable biological
measures of four PFAS and eight cardiometabolic biomarkers, but there are some
potential limitations as well. First, generalizability of results is limited due to the

demographics and geography of the overall ALSPAC cohort, being mainly white and
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from the UK. In addition, the subsample of women included in our analyses were more
likely to be highly educated and non-smokers compared to the overall ALSPAC cohort.>?
Inclusion criteria for this subsample also required children to complete at least 2 puberty
questionnaires and boys, additionally, completed at least two DXA scans. This shows a
level of engagement and motivation that may differ from the general cohort as loss to
follow-up is generally more common among individuals who are of lower socioeconomic
status and less healthy.>* In addition, boys may have more complete data than girls
because they were already in clinic for their DXA scan and were able to conveniently
give a blood sample at age 9 when cardiometabolic outcomes were being analyzed.

There is also potential for bias due to self-reported and missing covariate data.
While women may be more honest about alcohol consumption in the first 1-3 months of
pregnancy because they may not have known they were pregnant yet, smoking and
alcohol use during pregnancy are commonly under-reported behaviors. In addition,
educational status was used as a proxy for socioeconomic status because many women
did not report their income. Socioeconomic status is an important indicator of
environmental factors related to increased exposure to PFAS such as housing,
contaminated water, and occupation and increased risk of adverse childhood experiences
that could raise cardiometabolic risk.>> Thus, residual confounding may exist by
socioeconomic status, but the effect size is likely to be small.>

Blood samples from children at age 9 were taken non-fasting, but recent practice
with support from large prospective studies has shifted towards taking non-fasting
samples because lipids and lipoproteins change minimally during a normal day, and both

non-fasting and fasting samples are effective predictors of cardiovascular outcomes. 3
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In addition, we hypothesize that fasting status would not influence prenatal exposure to
PFAS and thus, not confound the relationship between prenatal PFAS and blood lipid

levels at age 9.

Conclusions

This study adds to the literature on prenatal PFAS and cardiometabolic risk
factors, especially CRP, IL-6, and HbA1c¢ that had not been studied before. Specifically,
associations observed among this British cohort provide evidence for the risk of low-level
everyday exposure to PFAS on cardiometabolic profiles among healthy children whereas
cardiometabolic risk factors have been commonly studied among at-risk populations or
cohorts of children who are overweight or obese. Results are modest among this subset
from the ALSPAC cohort but are consistent with results from previous studies that also
observed variation by sex and PFAS specific results. In conclusion, we observed positive
associations between prenatal PFAS and cholesterol among girls and boys and
triglycerides among girls only, and an inverse association with adiponectin among boys

only.



10.

11.

12.

16

References

Sahoo K, Sahoo B, Choudhury AK, et al. Childhood obesity: causes and
consequences. J Family Med Prim Care. 2015;4(2):187—-192.

Lentferink YE, Elst MA, Knibbe CAlJ, et al. Predictors of Insulin Resistance in
Children versus Adolescents with Obesity. Journal of Obesity. 2017;2017:1-7.

Liu P, Yang F, Wang Y, et al. Perfluorooctanoic Acid (PFOA) Exposure in Early Life
Increases Risk of Childhood Adiposity: A Meta-Analysis of Prospective Cohort
Studies. International Journal of Environmental Research and Public Health.
2018;15(2070).

Chung ST, Onuzuruike AU, Magge SN. Cardiometabolic risk in obese children. Ann N 'Y
Acad Sci. 2018; 1411(1):166-183.

Mattsson N, Ronnemaa T, Juonala M, et al. Childhood predictors of the metabolic
syndrome in adulthood. The Cardiovascular Risk in Young Finns Study. Annals of
Medicine. 2008;40:542-552.

Chatterjee A, Harris SB, Leiter LA, et al. Managing cardiometabolic risk in primary
care. Can Fam Physician. 2012;58(4): 389-393.

Braun JM, Chen A, Romano ME, et al. Prenatal Perfluoroalkyl Substance Exposure
and Child Adiposity at 8 Years of Age: The HOME Study. Obesity (Silver Spring).
2016;24(1): 231-237.

Mora AM, Oken E, Rifas-Shiman SL, et al. Prenatal Exposure to Perfluoroalkyl
Substances and Adiposity in Early and Mid-Childhood. Research. 2017;125(3):467-
473.

Fleisch AF, Rifas-Shiman SL, Mora AM, et al. Early-Life Exposure to Perfluoroalkyl
Substances and Childhood Metabolic Function. Environmental Health Perspectives.
2017;125(3):481-487.

Lewis RC, Johns LE, Meeker JD. Serum Biomarkers of Exposure to Perfluoroalkyl
Substances in Relation to Serum Testosterone and Measures of Thyroid Function
among Adults and Adolescents from NHANES 2011-2012. Int J Environ Res Public
Health. 2015 Jun; 12(6):6098-6114.

Reade A, Quinn T, Schreiber JS. PFAS in Drinking Water 2019: Scientific and Policy
Assessment for Addressing Per- and Polyfluoroalkyl Substances (PFAS) in Drinking
Water. 2019.

Bartell, S.M., Calafat, A.M., Lyu, C., Kato, K., Ryan, P.B., Steenland, K., 2010. Rate
of decline in serum PFOA concentrations after granular activated carbon filtration at



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

17

two public water systems in Ohio and West Virginia. Environ. Health Perspect.
118:222-228.

Olsen GW, Burris JM, Ehresman DJ, et al. Half-life of serum elimination of
perfluorooctanesulfonate,perfluorohexanesulfonate, and perfluorooctanoate in retired
fluorochemical production workers. Environ Health Perspect. 2007;115: 1298-1305.

Worley RR, Moore SM, Tierney BC, et al. Per- and polyfluoroalkyl substances in
human serum and urine samples from a residentially exposed community. Environ
Int. 2017;106:135-143.

Zhang Y, Beesoon S, Zhu L, et al. Biomonitoring of perfluoroalkyl acids in human
urine and estimates of biological half-life. Environ Sci Technol. 2013;47(18): 10619—
10627.

Stein CR, Wolft MS, Calafat AM, et al. Comparison of polyfluoroalkyl compound
concentrations in maternal serum and amniotic fluid: A pilot study. Reproductive
Toxicology. 2012;34: 312-316.

Maisonet M, Nayha S, Lawlor DA, et al. Prenatal exposures to perfluoroalkyl acids
and serum lipids at ages 7 and 15 in females. Environ Int. 2015;82:49-60.

Hartman TJ, Calafat AM, Holmes AK, et al. Prenatal Exposure to Perfluoroalkyl
Substances and Body Fatness in Girls. Childhood Obesity. 2017;13(3):222-230.

Halldorsson TI, Rytter D, Haug LS, et al. Prenatal Exposure to Perfluorooctanoate
and Risk of Overweight at 20 Years of Age: A Prospective Cohort Study. Environ
Health Perspect. 2012 May; 120(5): 668—673.

Donat-Vargas C, Bergdahl IA, Tornevi A, et al. Associations between repeated
measure of plasma perfluoroalkyl substances and cardiometabolic risk factors.
Environmental International. 2019;124:58-65.

Geiger SD, Xiao J, Ducatman A, et al. The association between PFOA, PFOS and
serum lipid levels in adolescents. Chemosphere. 2014;98:78-83.

Nelson JW, Hatch EE, Webster TF. Exposure to Polyfluoroalkyl Chemicals and
Cholesterol, Body Weight, and Insulin Resistance in the General U.S. Population.
Environmental Health Perspectives. 2010;118(2): 197-202.

Koshy TT, Attina TM, Ghassabian A, et al. Serum perfluoroalkyl substances and
cardiometabolic consequences in adolescents exposed to the World Trade Center
disaster and a matched comparison group. Environmental International. 2017;109:
128-135.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

18

Boyd A, Golding J, Macleod J, et al. Cohort profile: the ‘children of the 90s’—the
index offspring of the Avon longitudinal study of Parents and children. Int. J.
Epidemiol. 2013;42:111-127.

Fraser A, Macdonald-Wallis C, Tilling K, et al. Cohort profile: the Avon longitudinal
study of Parents and children: ALSPAC mothers cohort. Int. J. Epidemiol.
2013;42:97-110.

Christentsen KY, Maisonet M, Ruben C, et al. Exposure to polyfluoroalkyl chemicals
during pregnancy is not associated with offspring age at menarche in a contemporary
British cohort. Environ Int. 2011;37(1):129-135.

Kuklenyik Z, Needham LL, Calatat AM. Measurement of 18 perfluorinated organic
acids and amides in human serum using on-line solid-phase extraction. Anal Chem.
2005;77(18):6085-6091.

Kato K, Basden BJ, Needham LL, et al. Improved selectivity for the analysis of
maternal serum and cord serum for polyfluoroalkyl chemicals. J Chromatogr A.
2011;1218 (15):2133-2137.

Falaschetti E, Hingorani AD, Jones A, et al. Adiposity and cardiovascular risk factors
in a large contemporary population of pre-pubertal children. Eur Heart J.
2010;31(24): 3063-3072.

Sayers A, Timpson NJ, Sattar N, et al. Adiponectin and its association with bone
mass accrual in childhood. Journal of Bone and Mineral Research. 2010;25(10):2212-
2220.

Bonilla C, Lawlor DA, Ben-Shlomo Y, et al. Maternal and offspring fasting glucose
and type 2 diabetes-associated genetic variants and cognitive function at age 8: a
Mendelian randomization study in the Avon Longitudinal Study of Parents and
Children. BMC Med Genet. 2012;13:90.

Kleinbaum DG, Kupper LL, Morgenstern H. Epidemiologic Research: Principles and
Quantitative Methods. John Wiley & Sons. 1982.

Maisonet M, Terrell ML, McGeehin MA, et al. Maternal Concentrations of
Polyfluoroalkyl Compounds during Pregnancy and Fetal and Postnatal Growth in
British Girls. Environ Health Perspect. 2012 Oct; 120(10): 1432—-1437.

Juonala M, Magnussen CG, Venn A, et al. Influence of age on associations between
childhood risk factors and carotid intima-media thickness in adulthood: the
Cardiovascular Risk in Young Finns Study, the Childhood Determinants of Adult
Health Study, the Bogalusa Heart Study, and the Muscatine Study for the
International Childhood Cardiovascular Cohort (i3C) Consortium. Circulation. 2010
Dec 14;122(24):2514-20.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

19

Lin CY, Chen PC, Lin YC, et al. Association among serum perfluoroalkyl chemicals,
glucose homeostasis, and metabolic syndrome in adolescents and adults. Diabetes
Care. 2009 Apr;32(4):702-707.

Tanaka T, Narazaki M, Kishimoto T. IL-6 in Inflammation, Immunity, and Disease.
Cold Spring Harb Perspect Biol. 2014;6(10): a016295.

Kiess W, Belohradsky BH. Endocrine regulation of the immune system. Klin
Wochenschr. 1986;64:1-7.

Hiller-Sturmhéfel S, Bartke A. The endocrine system: an overview. Alcohol Health
Res World. 1998;22(3):153-164.

Weiss R, Bremer AA, Lustig RH. What is metabolic syndrome, and why are children
getting it? Ann N 'Y Acad Sci. 2013;1281(1):123-140.

Steinberger J, Daniels SR, Eckel RH, et al. Progress and Challenges in Metabolic
Syndrome in Children and Adolescents: A Scientific Statement From the American
Heart Association Atherosclerosis, Hypertension, and Obesity in the Young
Committee of the Council on Cardiovascular Disease in the Young; Council on
Cardiovascular Nursing; and Council on Nutrition, Physical Activity, and
Metabolism. Circulation. 2009;119(4):628-647.

Huang P. A comprehensive definition for metabolic syndrome. Dis Model Mech.
2009;2(5-6): 231-237.

Juonala M, Viikari JSA, Ronnemaa T, et al. Childhood C-Reactive Protein in
Predicting CRP and Carotid Intima—Media Thickness in Adulthood: The
Cardiovascular Risk in Young Finns Study. Arteriosclerosis, Thrombosis, and
Vascular Biology. 2006;26(8).

Grundy SM, Stone NJ, Bailey AL, et al.
AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA
guideline on the management of blood cholesterol: a report of the American College
of Cardiology/American Heart Association Task Force on Clinical Practice
Guidelines. Circulation. 2018.

Lindberg S, Jensen JS, Pedersen SH, et al. Low Adiponectin Levels and Increased
Risk of Type 2 Diabetes in Patients With Myocardial Infarction. Diabetes Care.
2014;37:3003-3008.

Yosaee S, Khodadost M, Esteghamati A, et al. Adiponectin: An Indicator for
Metabolic Syndrome. Iran J Public Health. 2019;48(6):1106-1115.



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

20

Erhardt E, Foraita R, Pigeot I, et al. Reference values for leptin and adiponectin in
children below the age of 10 based on the IDEFICS cohort. International Journal of
Obesity. 2014;38:S32-38.

American Diabetes Association. 2. Classification and Diagnosis of Diabetes:
Standards of Medical Care in Diabetes—2019. Diabetes Care. 2019;42(Supplement
1): S13-S28.

Arnett DK, Blumenthal RS, Albert MA, et al. 2019 ACC/AHA Guideline on the
Primary Prevention of Cardiovascular Disease. J] Am Coll Cardiol. 2019;74(10):177-
232.

Lindmark E, Diderholm E, Wallentin L, et al. Relationship Between Interleukin 6 and
Mortality in Patients With Unstable Coronary Artery Disease: Effects of an Early
Invasive or Noninvasive Strategy. JAMA. 2001;286(17):2107-2113.

Johnson PI, Sutton P, Atchley DS, et al. The Navigation Guide—Evidence-Based
Medicine Meets Environmental Health: Systematic Review of Human Evidence for
PFOA Effects on Fetal Growth. Environ Health Perspect. 2014; 122(10): 1028—-1039.

Bellinger DC. Comparing the population neurodevelopmental burdens associated
with children's exposures to environmental chemicals and other risk factors.
NeuroToxicology. 2012;33(4):641-43.

Weykamp C. HbAlc: A Review of Analytical and Clinical Aspects. Ann Lab Med.
2013;33(6): 393-400.

Rogers IS, Ness AR, Steer CD, et al. Associations of size at birth and dual-energy X-
ray absorptiometry measures of lean and fat mass at 9 to 10 y of age. The American
Journal of Clinical Nutrition. 2006;84(4):739-747.

Howe LD, Tilling K, Galobardes B, et al. Loss to Follow-up in Cohort Studies: Bias
in Estimates of Socioeconomic Inequalities. Epidemiology. 2013;24(1):1-9.

Non AL, Rewak M, Kawachi I, et al. Childhood Social Disadvantage,
Cardiometabolic Risk, and Chronic Disease in Adulthood. American Journal of
Epidemiology. 2014;180(3):263-271.

Flanders WD, Khoury MJ. Indirect Assessment of Confounding: Graphic Description
and Limits on Effect of Adjusting for Covariates. Epidemiology. 1990;1(3):239-246.

Langsted A, Nordestgaard BG. Nonfasting versus fasting lipid profile for
cardiovascular risk prediction. Pathology. 2019;51(2):131-141.



Tables

Table 1. Characteristics of subsample of mothers (N=553) from the Avon Longitudinal Study of Parents and Children

(ALSPAC) cohort and distribution of maternal serum concentrations of perfluoroalkyl substances (ng/mL) across covariates.

Characteristic

Mothers of daughters (N = 252)
Overall
Maternal race
White
Non-white
Maternal education”
< O-level
O-level
> O-level
Pre-pregnancy BMI, kg/m2
< 18.5 (underweight)
18.5 - 24.99 (normal weight)
25-29.99 (overweight)
>= 30 (obese)
Maternal age at delivery, years
<25
25-29
>=30
Smoking during pregnancy
No
Yes
Alcohol during pregnancy
No
Yes
Parity
Nulliparous
Multiparous

Mothers of sons (N = 301)
Overall

Frequency®
n (%)

252 (100)
n=244
238 (97.5)
6 (<5)
n=242
41 (16.9)
79 (32.6)
122 (50.4)
n=235
10 (4.3)
167 (71.1)
39 (16.6)
19 (8.1)

n =250
48 (19.2)
90 (36.0)
112 (44.8)
n=238
194 (81.5)
44 (18.5)
n =240
110 (45.8)
130 (54.2)
n=236
113 (47.9)
123 (52.1)

301 (100)

PFOA
Median (IQR)

3.7 (2.8-4.7)

3.8 (2.9-4.7)
2.6 (2.2-2.9)

3.6 (2.8-4.5)
3.6 (2.8-5.0)
3.9 (2.8-4.7)

3.5 (2.8-4.8)
3.8 (2.8-4.7)
3.5 (2.9-4.7)
3.1(2.6-4.3)

3.9 (3.1-4.8)
3.6 (2.9-4.7)
3.7 (2.7-4.6)

3.8 (2.8-4.7)
3.4 (2.7-4.6)

3.7 (2.8-4.7)
3.8 (2.9-4.6)

4.5 (3.6-5.2)
3.1(24-3.8)

3.0 (2.3-3.8)

PFOS
Median (IQR)

19.4 (15.2-24.7)

19.8 (15.3-24.8)
16.1 (14.5-19.2)

18.0 (14.9-22.8)
19.7 (15.3-25.8)
20.3 (15.2-25.0)

15.5 (12.4-26.8)
19.8 (15.3-25.1)
19.8 (17.1-26.2)
17.4 (13.1-21.1)

19.7 (13.9-23.5)
19.1 (15.0-24.8)
19.6 (15.7-25.6)

20.0 (15.4-25.1)
17.3 (13.6-22.0)

19.3 (14.9-24.6)
19.8 (15.4-24.8)

21.4 (17.5-25.6)
18.0 (14.2-23.7)

13.8 (10.9-17.7)

PFHxS
Median (IQR)

1.6 (1.2-2.1)

1.6 (1.2-2.1)
1.6 (1.3-1.7)

1.6 (1.3-2.2)
1.5 (1.1-2.1)
1.6 (1.2-2.1)

1.5 (0.9-2.0)
1.6 (1.2-2.1)
1.7 (1.4-2.2)
1.3 (1.2-1.7)

1.5 (1.2-2.1)
1.6 (1.1-2.0)
1.7 (1.3-2.4)

1.6 (1.2-2.1)
1.7 (1.3-2.5)

1.6 (1.2-2.1)
1.6 (1.2-2.2)

1.6 (1.4-2.1)
1.5 (1.1-2.1)

1.8 (1.3-2.4)

PFNA
Median (IQR)

0.5 (0.4-0.7)

0.5 (0.4-0.7)
0.5 (0.3-0.7)

0.5 (0.3-0.6)
0.5 (0.4-0.7)
0.5 (0.4-0.7)

0.5 (0.3-0.6)
0.5 (0.4-0.7)
0.6 (0.4-0.7)
0.4 (0.3-0.6)

0.5 (0.4-0.6)
0.5 (0.4-0.7)
0.5 (0.4-0.7)

0.5 (0.4-0.7)
0.4 (0.3-0.6)

0.5 (0.4-0.6)
0.6 (0.4-0.7)

0.6 (0.5-0.7)
0.5 (0.3-0.6)

0.4 (0.3-0.4)



Maternal race n =294

White 292 (99.3) 3.0 (2.3-3.8) 13.9 (10.9-17.9) 1.9 (1.4-2.4) 0.3 (0.3-0.4)

Non-white 2 (<5) 4.2 (2.1-6.3) 14.2 (12.7-15.6) 2.7 (1.3-4.1) 0.3 (0.2-0.3)
Maternal education” n=296

< O-level 59 (19.9) 2.8(2.4-3.6) 14.1 (11.0-17.7) 1.8 (1.4-2.3) 0.4 (0.3-0.5)

O-level 98 (33.1) 3.1(2.1-3.8) 15.0 (12.0-19.1) 1.8 (1.3-2.2) 0.4 (0.3-0.4)

> O-level 139 (47.0) 3.0(2.3-3.9) 13.6 (10.6-17.1) 1.9 (1.4-2.5) 0.3 (0.2-0.4)
Pre-pregnancy BMI, kg/m2 n=281

< 18.5 (underweight) 11 (3.9) 3.0(2.2-4.1) 13.2 (10.1-19.2) 1.6 (1.2-2.4) 0.3 (0.2-0.4)

18.5 - 24.99 (normal weight) 219 (77.9) 3.0 (2.3-3.8) 14.0 (11.0-18.0) 1.9 (1.4-2.5) 0.4 (0.3-0.5)

25-29.99 (overweight) 40 (14.2) 2.8 (2.3-4.0) 13.6 (11.1-17.1) 2.0(1.3-2.5) 0.3 (0.3-0.4)

>= 30 (obese) 11 (3.9) 3.2 (2.8-3.9) 14.7 (10.2-18.0) 1.6 (1.1-2.1) 0.3 (0.3-0.4)
Maternal age at delivery, years n =300

<25 34 (11.3) 3.0(2.2-3.9) 12.8 (10.6-18.0) 1.7 (1.1-2.0) 0.4 (0.2-0.5)

25-29 121 (40.3) 3.2(2.4-3.8) 14.2 (12.0-18.4) 1.8 (1.3-2.2) 0.4 (0.3-0.5)

>=30 145 (48.3) 29 (2.2-3.7) 13.7 (10.7-17.1) 1.9 (1.5-2.5) 0.3 (0.2-0.4)
Smoking during pregnancy n=291

No 264 (90.7) 3.0 (2.3-3.8) 14.0 (10.9-17.7) 1.8 (1.3-2.3) 0.3 (0.3-0.4)

Yes 27(9.3) 3.1(2.5-3.7) 13.2 (11.0-18.5) 2.2 (1.7-2.8) 0.4 (0.3-0.5)
Alcohol during pregnancy n=297

No 120 (40.4) 3.0 (2.2-3.8) 13.9 (10.6-17.7) 1.8 (1.3-2.2) 0.4 (0.3-0.5)

Yes 177 (59.6) 3.0(2.4-3.7) 13.7 (11.5-18.0) 1.9 (1.4-2.5) 0.4 (0.3-0.4)
Parity n =293

Nulliparous 136 (46.4) 3.5(2.7-4.2) 14.3 (11.6-18.0) 2.0 (1.4-2.6) 0.4 (0.3-0.5)

Multiparous 157 (53.6) 2.6 (2.1-3.3) 13.6 (10.8-16.9) 1.8 (1.3-2.2) 0.3 (0.2-0.4)

22

Abbreviations: PFOA perfluorooctanoic acid; PFOS perfluorooctane sulfonic acid; PFHxS perfluorohexane sulfonic acid; PFNA
perfluorononanoic acid; IQR interquartile range.

2 Covariate information was missing among mothers of daughters and sons, including race (n=15, 2.7%), education (n=15, 2.7%),
pre-pregnancy BMI (n=37, 6.7%), age at delivery (n=3, 0.5%), smoking status during pregnancy (n=24, 4.3%), alcohol
consumption during pregnancy (n=22, 4.0%), and parity (n=24, 4.3%).

®Defined by highest achieved qualification, where O-levels (ordinary levels) are required and completed at the age of 16.
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Table 2. Distribution of cardiometabolic outcomes in subsample of 9-year-old British boys and girls from the Avon
Longitudinal Study of Parents and Children (ALSPAC) cohort (N=553).

Cardiometabolic Outcome Median (IQR) Median (IQR) Median (IQR)
Overall (n=553) Girls (n=252) Boys (n=301)

Triglycerides (mg/dL) 87.68 (65.54-125.77) 93.88 (69.97-129.31) 84.14 (63.77-124.00)
Cholesterol (mg/dL) 161.64 (145.79-178.27) 164.73 (145.40-182.52) 158.93 (146.17-174.79)
HDL (mg/dL) 52.20 (45.24-59.94) 50.27 (42.15-58.01) 53.36 (46.79-61.87)
LDL (mg/L) 87.01 (75.37-103.80) 92.57 (77.20-107.46) 84.53 (74.73-99.38)
Adiponectin (pug/mL) 11.77 (8.64-15.58) 11.97 (8.42-15.31) 11.48 (8.78-15.74)
Hemoglobin Alc (%) 4.90 (4.80-5.10) 5.0 (4.80-5.10) 4.90 (4.70-5.10)
C-reactive protein (mg/L) 0.21 (0.11-0.52) 0.30 (0.16, 0.69) 0.16 (0.10-0.37)

Interleukin-6 (pg/mL) 0.83 (0.50-1.52) 0.96 (0.59, 1.72) 0.73 (0.44-1.28)
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Table 3. Percent differences (95% CI) in cardiometabolic outcomes associated with 1-ng/mL increase in PFAS adjusted for

maternal education, pre-pregnancy BMI, age, and smoking status.

PFOA PFOS PFHxS PFNA*®
Cardiometabolic  n % Difference  p-value % Difference ~ p-value % Difference p-value % Difference  p-value
outcomes (95% CI) (95% CI) (95% CI) (95% CI)
Triglycerides (mg/dL)
Girls 226 3.32 0.048* 0.77 0.01* 0.29 0.31 13.77 0.047%*
(0.04, 6.70) (0.16, 1.39) (-0.87, 1.47) (0.19,29.19)
Boys 273 2.32 0.23 0.53 0.21 0.45 0.62 15.26 0.08
(-1.41, 6.20) (-0.29, 1.36) (-0.42, 1.32) (-1.87,35.39)
Cholesterol (mg/dL)
Girls 226 0.51 0.37 0.35 0.001* 0.29 0.16 5.43 0.02*
(-0.61, 1.65) (0.14, 0.55) (-0.11, 0.70) (0.90, 10.16)
Boys 273 1.25 0.046* 0.29 0.03* 0.20 0.18 -0.14 0.96
(0.02,2.48) (0.02, 0.56) (-0.09, 0.48) (-5.31,5.31)
HDL (mg/dL)
Girls 226 -0.49 0.57 0.33 0.045%* 0.37 0.23 0.47 0.89
(-2.17,1.21) (0.01, 0.65) (-0.23, 0.98) (-6.04, 7.42)
Boys 273 1.57 0.13 0.18 0.44 -0.07 0.75 -0.73 0.87
(-0.45, 3.63) (-0.27, 0.62) (-0.54, 0.40) (-9.04, 8.33)
LDL (mg/dL)
Girls 226 1.07 0.28 0.37 0.046* 0.36 0.31 7.54 0.06
(-0.86, 3.04) (0.01,0.74) (-0.34, 1.06) (-0.31, 16.00)
Boys 273 0.86 0.41 0.30 0.20 0.22 0.37 -3.74 0.40
(-1.17,2.94) (-0.16, 0.75) (-0.26, 0.70) (-11.90, 5.18)
Adiponectin (ng/ml)
Girls 226 -0.06 0.97 0.57 0.04* 0.54 0.30 -1.79 0.75
(-2.87,2.83) (0.03,1.11) (-0.48, 1.58) (-12.23,9.88)
Boys 272 -4.42 0.01* -0.78 0.04* -0.51 0.21 -20.43 0.003*
(-7.63,-1.11) (-1.53,-0.03) (-1.30, 0.29) (-31.32,-7.82)
Hemoglobin Alc (%)
Girls 82 0.16 0.64 0.06 0.20 0.27 0.03* 1.70 0.24
(-0.52, 0.85) (-0.03, 0.16) (0.02,0.51) (-1.12,4.61)
Boys 138 -0.10 0.78 0.15 0.08 0.10 0.11 2.77 0.12
(-0.81, 0.61) (-0.02, 0.32) (-0.02, 0.23) (-0.70, 6.37)

C-reactive protein (mg/1)



25

Girls 226 0.43 0.92 0.38 0.65 2.39 0.14 19.14 0.32
(-7.97,9.59) (-1.26,2.05) (-0.77, 5.66) (-15.48, 67.95)

Boys 273 -1.62 0.75 -0.16 0.89 1.59 0.19 -6.52 0.76
(-11.14, 8.93) (-2.39,2.11) (-0.78, 4.03) (-39.93,45.47)

Interleukin 6 (pg/ml)

Girls 226 0.36 0.91 -0.92 0.12 -0.99 0.38 -21.58 0.049%*
(-5.67,6.77) (-2.06, 0.24) (-3.18, 1.24) (-38.43,-0.10)

Boys 271 2.38 0.57 -0.95 0.29 -1.89 0.046* 15.73 0.41
(-5.61,11.04) (-2.71, 0.83) (-3.71, -0.03) (-18.60, 64.54)

Abbreviations: PFOA perfluorooctanoic acid; PFOS perfluorooctane sulfonic acid; PFHxS perfluorohexane sulfonic acid;
PFNA perfluorononanoic acid; % difference percent difference; 95% CI 95% confidence interval

2 Percent difference (95% CI) in cardiometabolic outcomes associated with 0.5-ng/mL increase in PFNA

* Indicates p-value < 0.05



Figures

Figure 1. Flowchart of eligibility and exclusions.
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Appendix

Supplementary Table 1. Characteristics of full subsample of mothers (N=905) from the Avon Longitudinal Study of Parents
and Children (ALSPAC) cohort and distribution of maternal serum concentrations of perfluoroalkyl substances (ng/mL) across

27

covariates.
Characteristic Frequency® PFOA PFOS PFHxS PFNA
n (%) Median (IQR) Median (IQR) Median (IQR) Median (IQR)
Mothers of daughters (N = 448)
Overall 448 (100) 3.7 (2.8-4.8) 19.8 (15.1-24.9) 1.6 (1.2-2.2) 0.5 (0.4-0.7)
Maternal race n=431
White 423 (98.1) 3.8(2.9-4.8) 19.9 (15.2-25.3) 1.6 (1.2-2.2) 0.5 (0.4-0.7)
Non-white 8 (<5) 2.3 (1.6-2.9) 14.6 (8.1-18.4) 1.4 (0.9-1.7) 0.5 (0.2-0.7)
Maternal education” n=429
< O-level 89 (20.8) 3.6 (2.8-4.4) 18.2 (14.9-23.3) 1.6 (1.3-2.2) 0.5 (0.4-0.7)
O-level 140 (32.6) 3.7 (2.9-5.0) 19.6 (15.1-26.0) 1.6 (1.2-2.3) 0.6 (0.4-0.7)
> O-level 200 (46.6) 3.9 (2.8-4.8) 20.4 (15.2-25.3) 1.7 (1.2-2.2) 0.5 (0.4-0.7)
Pre-pregnancy BMI, kg/m2 n =402
< 18.5 (underweight) 18 (4.5) 3.5(2.8-4.7) 16.9 (14.0-22.6) 1.5(1.2-2.3) 0.5 (0.3-0.6)
18.5 - 24.99 (normal weight) 291 (72.4) 3.8 (2.8-4.8) 20.1 (15.0-25.5) 1.6 (1.2-2.2) 0.5 (0.4-0.7)
25-29.99 (overweight) 62 (15.4) 3.7(3.2-4.9) 20.9 (17.5-25.6) 1.9 (1.5-2.5) 0.6 (0.4-0.7)
>= 30 (obese) 31(7.7) 3.6 (2.7-5.0) 19.2 (13.8-23.4) 1.4 (1.2-2.3) 0.6 (0.3-0.7)
Maternal age at delivery, years n =445
<25 92 (20.7) 3.9 (3.0-4.8) 18.5 (14.1-23.1) 1.6 (1.2-2.1) 0.5 (0.4-0.6)
25-29 164 (36.9) 3.8 (3.0-4.9) 20.7 (15.4-25.4) 1.6 (1.2-2.1) 0.6 (0.4-0.7)
>=30 189 (42.5) 3.6 (2.5-4.6) 19.7 (15.1-25.5) 1.7 (1.2-2.4) 0.5 (0.4-0.7)
Smoking during pregnancy n =427
No 348 (81.5) 3.8(2.8-4.9) 20.5 (15.4-25.6) 1.6 (1.2-2.2) 0.6 (0.4-0.7)
Yes 79 (18.5) 34(2.9-4.4) 17.2 (13.4-21.4) 1.7 (1.3-2.4) 0.5 (0.3-0.7)
Alcohol during pregnancy n =428
No 194 (45.3) 3.8(2.8-4.9) 20.2 (15.3-25.3) 1.6 (1.2-2.2) 0.5 (0.4-0.7)
Yes 234 (54.7) 3.7(2.9-4.7) 19.5 (15.2-24.8) 1.6 (1.2-2.2) 0.6 (0.4-0.7)
Parity n=419
Nulliparous 208 (49.6) 443454 21.5(17.0-26.4) 1.8 (1.4-2.4) 0.6 (0.4-0.7)
Multiparous 211 (50.4) 3.1(2.4-4.0) 18.2 (14.2-23.7) 1.5(1.1-2.2) 0.5 (0.3-0.7)

Mothers of sons (N = 457)



Overall

Maternal race
White
Non-white

Maternal education”
< O-level
O-level
> O-level

Pre-pregnancy BMI, kg/m2
< 18.5 (underweight)
18.5 - 24.99 (normal weight)
25-29.99 (overweight)
>= 30 (obese)

Maternal age at delivery, years
<25
25-29
>=30

Smoking during pregnancy
No
Yes

Alcohol during pregnancy
No

Yes

Parity
Nulliparous
Multiparous

457 (100)
n =444
441 (99.32)
3 (<5)

n =446
96 (21.5)
154 (34.5)
196 (44.0)
n=430
15 (3.5)
324 (75.4)
71 (16.5)
20 (4.7)

n =453
54 (11.9)
188 (41.5)
211 (46.6)
n =441
397 (90.0)
44 (10.0)
n=412
197 (44.0)

215 (56.0)
n=442

213 (48.2)
229 (51.8)

3.0 (2.3-3.8)

3.0 (2.3-3.8)
2.1 (2.0-6.3)

2.8 (2.4-3.6)
3.1(2.3-3.8)
3.0 (2.3-3.9)

3.0 (2.2-4.1)
3.1 (2.3-3.8)
2.8 (2.4-3.8)
3.0 (2.5-3.5)

3.0 (2.3-3.7)
3.2 (2.5-4.0)
2.9 (2.2-3.7)

3.0 (2.3-3.8)
3.0 (2.4-3.6)

3.0 (2.3-3.8)
3.0 (2.3-3.7)

3.4(2.7-4.2)
2.6 (2.2-3.3)

13.8 (11.0-17.7)

13.9 (11.0-17.9)
12.7 (9.1-15.6)

13.9 (11.0-17.3)
14.8 (11.9-18.9)
13.6 (10.7-17.2)

13.2(10.1-19.2)
14.1 (11.2-18.0)
13.6 (10.9-17.4)
12.2(10.7-15.2)

12.6 (10.6-16.9)
14.1 (11.9-18.8)
13.9(10.8-17.3)

14.0 (11.1-17.9)
13.2 (11.0-17.2)

13.9 (10.6-17.7)
13.8 (11.5-17.4)

14.3 (11.8-18.0)
13.6 (10.6-17.0)

1.9 (1.4-2.5)

1.9 (1.4-2.5)
1.3 (1.0-4.1)

1.9 (1.5-2.3)
1.8 (1.3-2.3)
1.9 (1.4-2.5)

1.6 (1.2-2.3)
1.9 (1.4-2.5)
1.8 (1.4-2.5)
1.7 (1.3-2.0)

1.6 (1.1-1.9)
1.8 (1.4-2.5)
1.9 (1.4-2.5)

1.9 (1.4-2.4)
2.0 (1.7-2.6)

1.8 (1.4-2.4)
1.9 (1.4-2.5)

2.0 (1.5-2.6)
1.8 (1.3-2.3)

0.4 (0.3-0.5)

0.4 (0.3-0.5)
0.2 (0.2-0.3)

0.4 (0.3-0.5)
0.4 (0.3-0.4)
0.3 (0.3-0.4)

0.3 (0.2-0.4)
0.4 (0.3-0.5)
0.4 (0.3-0.5)
0.3 (0.3-0.4)

0.4 (0.3-0.4)
0.4 (0.3-0.5)
0.4 (0.3-0.5)

0.4 (0.3-0.5)
0.4 (0.3-0.5)

0.3 (0.3-0.5)
0.4 (0.3-0.4)

0.4 (0.3-0.5)
0.3 (0.2-0.4)
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Abbreviations: PFOA perfluorooctanoic acid; PFOS perfluorooctane sulfonic acid; PFHxS perfluorohexane sulfonic acid;

PFNA perfluorononanoic acid; IQR interquartile range.

2 Covariate information was missing among mothers of daughters and sons, including race (n=30, 3.3%), education (n=30,
3.3%), pre-pregnancy BMI (n=73, 8.1%), age at delivery (n=7, 0.8%), smoking status during pregnancy (n=37, 4.1%), alcohol

consumption during pregnancy (n=65, 7.2%), and parity (n=44, 4.9%).

®Defined by highest achieved qualification, where O-levels (ordinary levels) are required and completed at the age of 16.



Supplementary Table 2. Percentage of subsample of 9-year-old British boys and girls from the Avon Longitudinal Study of
Parents and Children (ALSPAC) cohort with abnormal levels of cardiometabolic outcomes (N=553).

Abnormal level of cardiometabolic outcome

aTriglycerides >100 mg/dL

®Cholesterol >200 mg/dL

"HDL <40 mg/dL

"LDL >130 mg/dL

¢Adiponectin <5.75 pug/mL
dAdiponectin among girls <10.11 pg/mL
dAdiponectin among boys <8.60 ug/mL
*Hemoglobin Alc >5.7%

fC-reactive protein >2 mg/L
EInterleukin-6 >5 pg/mL

Frequency
n (%)

236 (42.7)
44 (8.0)
70 (12.7)
18 (3.3)
32(5.8)
93 (36.9)*
68 (22.6)**
3(<1)

37 (6.7)
12 (2.2)

2 Guideline from American Heart Association for children 0-9 years old*

® Guideline from American Heart Association for children and adolescents 10-19 years old*?

¢ Cutoff for low adiponectin levels determined among obese adults*

4 50" percentile values for adiponectin among girls and boys from a European cohort of healthy children at age 9*¢
¢ Guideline from American Diabetes Association for youth and adults*’

fGuideline from American College of Cardiology and American Heart Association for adults*®

¢ Cutoff for elevated IL-6 levels determined among adult coronary artery disease (CAD) patients*’

* Percentage among girls only (n=252)
** Percentage among boys only (n=301)
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