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Abstract

Per- and polyfluoroalkyl substances (PFAS) are ubiquitous and persistent chemicals associated
with multiple adverse health outcomes; however, the biological pathways affected by these
chemicals are unknown. To address this knowledge gap, we used data from 264 mother—infant
dyads in the Health Outcomes and Measures of the Environment (HOME) Study and employed
quantile-based g-computation to estimate covariate-adjusted associations between a prenatal (~16
weeks’ gestation) serum PFAS mixture [perfluorooctanesulfonic acid (PFOS), perfluorooctanoic
acid (PFOA), perfluorohexanesulfonic acid (PFHxS), and perfluorononanoic acid (PFNA)] and
14,402 features measured in cord serum. The PFAS mixture was associated with four features:
PFQOS, PFHXS, a putatively identified metabolite (3-monoiodo-L-thyronine 4- O-sulfate), and an
unidentified feature (590.0020 m/zand 441.4 s retention time; false discovery rate <0.20). Using
pathway enrichment analysis coupled with quantile-based g-computation, the PFAS mixture was
associated with 49 metabolic pathways, most notably amino acid, carbohydrate, lipid and cofactor
and vitamin metabolism, as well as glycan biosynthesis and metabolism (P(Gamma) <0.05).
Future studies should assess if these pathways mediate associations of prenatal PFAS exposure
with infant or child health outcomes, such as birthweight or vaccine response.

Graphical Abstract

Environ Sci Technol. Author manuscript; available in PMC 2024 June 18.

Page 2



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hall et al.

Keywords

Page 3

e
M. Y NN
VN N e .
W= |y P48y
L AN AN ] | A A T

Agriculture

Metabolites
Water D% G
0 Metabolic
| —] =
@I_j \ J Pathways

Consumer Items

Exposure to a ERDa
Mixture of PFAS

epidemiology; PFAS; prenatal; untargeted metabolomics; mixture

INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are ubiquitous synthetic chemicals used in
consumer products, such as cookware, food packaging, textiles, and firefighting foams

for their oil-, water-, and heat-resistant properties.1~4 PFAS do not readily degrade in the
environment and contaminate drinking water, ground water, and surface water, as well as
food, air, biosolids, and agricultural products.® As a result of their ubiquitous distribution
and persistence in the environment, people are continuously exposed to PFAS via ingestion
of contaminated drinking water, food, indoor dust, or air.1.6.7 Many PFAS bioaccumulate

in humans, including perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid (PFOS),
and perfluorohexanesulfonic acid (PFHxS), with half-lives ranging from 3.8 to 8.2 years.8?

Prenatal exposure to individuals and mixtures of PFAS has been associated with reduced
birthweight, preterm birth, decreased vaccine response in children, and unfavorable
cardiometabolic outcomes.119-15 Yet, the mechanisms by which PFAS exposure leads to
these conditions are unclear. Thus, studies are needed to investigate the range of biological
pathways with which PFAS interact to provide insight into the array of adverse health effects
associated with PFAS exposures.

Untargeted metabolomics is a discovery-based technique that comprehensively assesses
metabolic profiles and pathways.16 In tandem with statistical tools like metabolome-wide
association studies (MWAS) and pathway enrichment analysis, relations between exposures
to PFAS and hundreds to thousands of metabolites and their corresponding biological
pathways can be investigated.16-25 As such, untargeted metabolomics is being increasingly
used to identify metabolites and pathways associated with human exposure or disease.16

While numerous statistical methods have been developed to quantify the potential effects
of chemical mixtures, few studies have evaluated the impact of PFAS mixtures on the fetal
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metabolome.16-24 Understanding the impact of PFAS exposures on the fetal metabolome
is important because PFAS can cross the placenta, and the fetus may be more sensitive to
environmental exposures compared to later life stages.! Furthermore, the investigation of
chemical mixtures is critical, given that PFAS exposure does not occur in isolation.

To address these research gaps, we evaluated the impact of a mixture of PFAS

[PFOS, PFOA, PFHXS, and perfluorononanoic acid (PFNA)] concentrations on the fetal
metabolome. We used PFAS levels measured in prenatal serum samples and untargeted
metabolic profiling of newborn cord serum collected from participants enrolled in a
prospective pregnancy cohort study in Cincinnati, Ohio. Additionally, we examined
each PFAS individually and included A-methylperfluorooctane sulfonamidoacetic acid
(MeFOSAA) in the mixture analysis to gain insight into their potential influence on the
mixture in secondary and sensitivity analyses, respectively.

MATERIALS AND METHODS

Study Participants.

This study was based on participants from the Health Outcomes and Measures of the
Environment (HOME) Study, a prospective pregnancy and birth cohort that recruited
participants between March 2003 and January 2006. Details for this study, including
inclusion criteria, have been described previously by Braun et al. (Figure S1).28 Briefly,
8878 pregnant people were identified from obstetric practices in Cincinnati, Ohio, and the
surrounding area, with 1263 (14%) eligible for participation.28 From these participants, 468
pregnant people enrolled in the study (37%), with 389 having live singleton births.26 In this
study, we included pregnant people with at least one prenatal serum PFAS measurement and
untargeted cord serum metabolomics data, resulting in a final sample size of 264 mother—
infant dyads.

Serum PFAS Measurements.

Methods and procedures have been previously validated and described.2’=29 In brief, after
the serum was separated from whole blood, samples were stored at —80 °C in 2.0 mL
polypropylene vials.2’-29 Samples were then shipped on dry ice to the Centers for Disease
Control and Prevention (CDC) laboratory for analysis.2”-29 PFAS was quantified at the CDC
using solid-phase extraction coupled with high-performance liquid chromatography-isotope
dilution with tandem mass spectrometry (HPLC-MS/MS), following a modified analytical
method.27-29 Details on instrument settings can be found in Kato et al.2” Quality control
(QC) and blank samples were included in each batch and coefficients of variation (CVs)
for QC materials were ~6%.27 Levels of detection were 0.1 ng/mL for all PFAS, except for
MeFOSAA and PFOS, which were 0.09 and 0.2 ng/mL, respectively. Descriptive statistics
are discussed in detail in “Statistical Analysis” Section and reported in Table 1 and in the
“Results and Discussion” Section.

We selected four PFAS of interest a priors, these were PFOA, PFNA, PFHxS, and PFOS.
These four PFAS were identified a priori for investigation as these particular PFAS have
been recognized by the Environmental Protection Agency as likely to cause adverse health
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effects and are subject to proposed regulation under the Clean Drinking Water Act.30
Moreover, these four PFAS have been detected in 97% of the US population, observed

to have longer half-lives compared to many other PFAS, such as MeFOSAA, and are often
identified at higher levels in the serum compared to other PFAS.31:32 PFAS samples from 16
weeks’ gestation (86%) were preferred to reduce the potential impact of pregnancy-related
hemodynamic changes on serum concentrations; however, samples from 26 weeks’ gestation
(11%) or delivery (3%) were used when a 16-week sample was unavailable. We imputed
PFAS values below the limit of detection (LOD) using the LOD divided by the square root
of 2 for all analyses and log,-transformed PFAS to reduce the influence of outliers.

Untargeted Metabolomics.

Covariates.

We performed untargeted metabolomics using previously established methods for liquid
chromatography high-resolution mass spectrometry (LC-HRMS).17:33 We collected venous
cord blood at delivery and stored isolated serum aliquots at —80 °C before thawing them

on ice prior to extraction. We then performed sample extraction by adding 130 /L of
acetonitrile containing a mixture of stable isotope standards to 65 L of serum, vortexing
the solution, equilibrating the sample for 30 min, and centrifuging to remove proteins.

The resulting supernatant was transferred to an LC-HRMS analysis vial and analyzed on

a Q-Exactive HF equipped with a Vanquish ultrahigh-performance liquid chromatograph
(Thermo Scientific). For each sample, we analyzed 10 z1 aliquots in triplicate using
hydrophilic interaction chromatography (HILIC) with positive electrospray ionization and
reversed-phase chromatography (C4g) with negative electrospray ionization. Further details
of the analytical methods, including chemicals and reagents, the chromatography scheme,
QA/QC samples and frequency, and sample batching, are provided in the Supporting
Information (Tables S1 and S2).

Data-dependent acquisition (DDA) data were kept and analyzed in the .RAW file. The full
scan MS1 data were saved in the .RAW file format and converted to cdf format using
Xcalibur File Converter. The converted files were extracted and aligned using apLCMS.34
Uniquely detected ions, termed features, consisted of mass to charge (772), retention

time, and ion abundance. We detected 19,032 and 36,243 negative and positive features,
respectively. Since we analyzed our samples in triplicate, we limited our analysis to
features with coefficients of variation <30% to improve the reliability of our measures.

We summarized triplicate injections using the mean and removed features with >20%
nondetection (i.e., ion abundance = 0), which resulted in 5863 negative and 8539 positive
features. For features with <20% nondetect, values with ion abundance = 0 were imputed
using the minimum area within a feature divided by the square root of 2. We performed
batch correction on feature data using the Wave/CA 2.0 package in R.3® Finally, metabolic
features were logy-transformed to satisfy the normality assumptions of our statistical models
and stabilize the mean—variance relationship.

We identified covariates of interest from a literature review and explored relations between
these covariates using a directed acyclic graph (DAG) (Figure S2).36 From this DAG, we
obtained a minimal sufficient adjustment set that included maternal age at birth (continuous),
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self-reported maternal race/ethnicity (White non-Hispanic, Black non-Hispanic, Asian/
Pacific Islander, Native American, Hispanic, other race), parity (nulliparous, parous),
household income (continuous), and serum cotinine concentrations at 16 weeks gestation
(continuous); race was used in this study as a proxy for structural racism. For all analyses,
we categorized maternal race/ethnicity as White non-Hispanic vs other race to address data
sparsity. All covariates in the minimal sufficient adjustment set were determined via self-
reported questionnaire except for cotinine concentrations, which were quantified in maternal
serum collected at 16 weeks’ gestation using HPLC-MS/MS. Cotinine concentrations were
logqg-transformed to reduce the influence of outliers.

Statistical Analysis.

Descriptive Statistics.—We calculated the median [interquartile range (IQR)] for
continuous variables and the frequency (percentage) for categorical variables included as
covariates in our models. We also calculated the median, IQR, minimum value, maximum
value, and percentage below the LOD for all measured PFAS. Finally, we calculated
Spearman correlation coefficients among PFOA, PENA, PFHXS, PFOS, and MeFOSAA
to evaluate correlations between PFAS.

Multipollutant MWAS.—We employed quantile-based g-computation (QGComp) to
examine associations between prenatal concentrations of a PFAS mixture and the neonatal
metabolome.3” QGComp calculates the parameters of a marginal structural model; these
parameters characterize the difference in feature intensity, resulting from a simultaneous,
one-quantile increase of all PFAS in the mixture.3” Four PFAS of interest were identified a
priorifor inclusion in our PFAS mixture: PFOA, PFNA, PFHXS, and PFOS. These PFAS
were identified for inclusion due to their increased likelihood to cause adverse health effects,
widespread detection, and longer half-lives compared to other PFAS, such as MeFOSAA
and higher serum levels.30-32 We categorized all PFAS into quartiles for this analysis. To
control for the risk of false discoveries due to the large number of statistical tests, we
employed the Benjamini—Hochberg method at a false discovery rate (FDR) < 0.2.38

As PFOSA and EtFOSAA had low levels of detection (1% and 32% = LOD, respectively),
these PFAS were not explored further. Additionally, PFDEA was not further explored due

to the lack of variability as 41% of values had concentrations of 0.2 ng/mL (N = 108) and
19% of 0.3 ng/mL (N = 51). However, we included MeFOSAA in a sensitivity analysis
given its high level of detection (100% > LOD) and absence of variability concerns. For

this sensitivity analysis, we reran analyses using a 5-PFAS mixture (the 4-PFAS mixture
plus MeFOSAA), additionally using an FDR < 0.2 to denote statistical significance.38 These
analyses were conducted using the ggcomp package in R with default settings.3”

Single-Pollutant MWAS.—To conduct the MWAS of the association of each PFAS
included in our PFAS mixture individually with the fetal metabolome, we used multivariable
linear regression, adjusting for maternal race, maternal age at delivery, parity, serum
cotinine, and household income. Similar to the multipollutant MWAS, we calculated FDR
values based on the Benjamini—-Hochberg method and utilized an FDR < 0.2.38
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Annotation of Features.—We assigned identities to features by matching commonly
detected adducts formed in positive and negative ESI at +5 ppm using the Human
Metabolome Database via xMSannotator.3® Annotation confidence was reported using the
Metabolomics Standards Initiative (MSI) recommendations. In this scale, level 1 is a
compound identified by comparison to an authentic reference standard (in this study, we
examined MS? data in comparison to a verified reference standard), level 2 is a compound
annotated by matching isotopic patterns and matching /77z, level 3 is a putatively annotated
compound class, and level 4 is an unknown feature.

Metabolic Pathway Enrichment Analysis.—We applied mummichog pathway
enrichment analyses to identify enriched pathways using MetaboAnalystR 3.2 and data
from both positive and negative modes.2> We restricted the adducts used to those that could
potentially form based on our mobile phases and internal standards. For the negative mode,
we used the adducts M + FA-H [1-], M- H [1-],2M - H [1-], M - H,O - H [1-],
M-H+O[1-], M(C13) - H [1-],2M + FA - H [1-],M = 3H [3-], M = 2H [2-],

M + ACN - H [1-], M + HCOO [1-], and M + CH3COO [1-]. For the positive mode,

we used the adducts M [1+], M + H [1+], M + 2H [2+], M + 3H [3+], M + H,O + H

[1+], M = H,0 + H [1+], M(C13) + H [1+], M(C13) + 2H [2+], M(C13) + 3H [3+], M -
NH3 + H [1+], M+ ACN + H [1+], M + ACN + 2H [2+], M + 2ACN + 2H [2+], M +
3ACN + 2H [2+], M + NH4 [1+], M + H + NH4 [2+], 2M + H [1+], and 2M + ACN +

H [1+]. We conducted our analyses with the human MFN network, which is curated from
multiple libraries, including KEGG, BiGG, and the Edinburgh model. We utilized a mass
tolerance of 5 ppm, 10,000 permutations, and a p-value cutoff <0.05 to delineate between
significantly enriched and nonsignificantly enriched pathways. We restricted analyses to
pathway-specific metabolite data sets containing at least 3 entries. A p(Gamma) < 0.05 was
considered statistically significant. A detailed description of our mummichog settings can be
found in the Supporting (Table S3). All analyses were conducted using R (version 4.2.1).41
R code for this analysis is available on Github.42

RESULTS AND DISCUSSION

Mothers in the present study were similar to the full HOME Study cohort in terms of race/
ethnicity, household income, parity, age at delivery, and tobacco use (Table S4).26 Median
serum PFNA, PFHxXS, and PFOS concentrations in our study were generally similar to
medians in pregnant people in NHANES between 2003 and 2008 (Table 1).43 However,
median PFOA concentrations were over 2-fold higher in our study compared to pregnant
people in NHANES between 2003 and 2008, possibly due to increased drinking water
exposure emanating from a fluoropolymer manufacturing plant upstream of Cincinnati, OH
(Table 1).4344 MeFOSAA had considerably lower levels than any of the 4-PFAS included
in our mixture, with a median of 0.4 ng/mL (IQR: 0.3-0.8). All PFAS analyzed in our
study had 99% or more of their values = the LOD (Table 1). Additionally, these PFAS had
low-to-moderate pairwise correlations, with Spearman correlation coefficients between 0.02
and 0.51 (Figure S3).

The mixture of PFOA, PFOS, PFNA, and PFHXS was associated with four metabolic
features after covariate adjustment (FDR < 0.20; Figure 1). These features include PFOS,
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PFHxS, 3-monoiodo-L-thyronine 4- O-sulfate, and a metabolite with an 777z of 590.0020

and a retention time of 441.4 s. PFOS and PFHXS were identified at a level 1 confidence
(confirmed structures; Figure S4), 3-monoiodo-L-thyronine 4- O-sulfate was putatively
identified at level 3, and the metabolite with an /7/z of 590.0020 and a retention time of
441.4 s was level 4 (unknown feature) using the MSI scale. The identification of PFOS

and PFHXxS (at a level 1 confidence) as significantly associated with the targeted/quantified
PFAS mixture containing PFOS, PFHXS, PFNA, and PFOA was expected, despite their
detection on two different analytical platforms and further validates this laboratory and
statistical methodology. Although PFNA was not identified using this method (either due to
the lack of identification by LC-HRMS or removal due to high CVs), the PFAS mixture was
also significantly associated with PFOA before FDR correction (non-FDR corrected p-value
<0.001).

When examining the relationship between individual PFAS to the cord serum metabolome,
PFOA, PFOS, PFNA, and PFHXS were associated with 5, 14, 4, and 3 features, respectively
(Figure S5); no significant associations were found between MeFOSAA and any features.

The mixture of PFOA, PFOS, PFNA, and PFHXS was significantly associated with 49
enriched pathways p(Gamma) < 0.05] in our pathway enrichment analysis (Figures 2 and
S7). The pathways identified most frequently were associated with amino acid metabolism
(M= 11), glycan biosynthesis and metabolism (/= 11), carbohydrate metabolism (N = 10),
lipid metabolism (A= 8), and metabolism of cofactors and vitamins (A = 5); four pathways
not grouped into a larger group (referred to as “other” pathways) were also identified.

The results for the two most enriched pathways for amino acid metabolism (arginine and
proline metabolism; valine, leucine, and isoleucine degradation) appeared to be driven by
PFHXS, and, to a lesser extent, PFOS, based on the magnitude of the significant p-values
observed from single-pollutant models (Figure 2). In contrast, associations between the
PFAS mixture and carbohydrate metabolism appeared to be driven by PFNA. Moreover,
several pathways related to glycan biosynthesis and metabolism were likely driven by
PFOA, as PFOA has the highest number of significant p-values of the mixture [N =

8/11]. In addition, compared to the p-values derived from the PFAS mixture, PFOA
seemed to drive associations with blood group biosynthesis, glycosphingolipid biosynthesis
(lactoseries), glycosphingolipid biosynthesis (neolactoseries), nucleotide sugar metabolism,
proteoglycan biosynthesis, keratan sulfate biosynthesis, and O-glycan biosynthesis given its
lower p-values compared to other PFAS. The differences between the magnitude of the
PFAS mixture p-values and the PFOA p-values did not appear to be explained by any

of the other 3 measured PFAS individually, suggestive of potential synergistic interaction
between these four PFAS with relation to some pathways within glycan biosynthesis and
metabolism. However, synergism was not directly assessed, and evaluation of synergistic
and antagonistic chemical interactions was outside of the scope of this study. It did

not appear that any individual PFAS in the mixture was driving associations with lipid
metabolism or the metabolism of cofactors and vitamins. Additionally, 40 (82%) of the 49
significantly enriched pathways for the PFAS mixture and infant metabolome assessment
remained significantly enriched when MeFOSAA was added to the mixture (Figure S8). In
a sensitivity analysis by adding MeFOSAA to our PFAS mixture, 3-monoiodo-L-thyronine
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4- O-sulfate was no longer significant; all other features remained statistically significant,
and no other features were identified as significant (Figure S6).

For the single-pollutant models of the PFAS mixture and the infant metabolome, we
identified 95 significantly enriched pathways in total [AGamma) < 0.05] (Figures S9-S14).
Of these pathways, 5 (5.3%) overlapped across all four PFAS; these pathways were the
TCA cycle, keratin sulfate degradation, benzoate degradation via CoA ligation, phytanic
acid peroxisomal oxidation, and alkaloid biosynthesis (Figures S9-S15). Of these pathways,
the TCA cycle, keratin sulfate degradation, and phytanic acid peroxisomal oxidation were
associated with the PFAS mixture (Figure 2). Furthermore, 24 (25%) of the observed
pathways overlapped across 3 PFAS, 31 (33%) overlapped across 2 PFAS, and 35 (37%)
were associated with a single PFAS (Figure S15). A single PFAS was independently
associated with at least one of the 49 significantly enriched pathways associated with the
PFAS mixture and infant metabolome (Figures 2 and S9-S14).

Notably, one feature associated with PFOA (FDR <0.20) was annotated to several
endogenous glucocorticoids with a level 2 confidence. This is consistent with previous
animal studies that have found PFOA may inhibit hydroxysteroid dehydrogenases.*>47 As
such, this pathway could be examined in greater detail as a potential mediator of PFAS
toxicity in future studies.

The enriched pathways identified in this study have previously been associated with adverse
health outcomes.1948:49 Epidemiological studies have established that carbohydrate, lipid,
and amino acid metabolism are associated with impaired glucose metabolism, leading to
adverse health outcomes, such as type 2 diabetes.1948 Additionally, amino acid metabolism
and glycan biosynthesis and metabolism have both been associated with a higher risk

of hepatocellular carcinoma, the most common primary liver cancer.*® As our study
demonstrates an association between PFAS and these metabolic pathways, this may help
explain potential mechanisms between PFAS and these outcomes like liver disease.19:48.50
Therefore, future studies could investigate these pathways as potential mediators between
PFAS and these health outcomes. Prior studies have also observed associations of the
prenatal and infant metabolome with adverse birth outcomes, such as birthweight.>1-55 For
example, Collicino et al. found 35 prenatal serum metabolites related to lipid metabolism
(~30 weeks’ gestation) were associated with lower birthweight z-scores in 410 mother—child
dyads from Boston or New York City.>! Conversely, a study by Yeum et al. did not find
that prenatal plasma metabolites (24 to 28 weeks’ gestation) were associated with birth
anthropometry, including birthweight z-scores.>3 However, when evaluating cord plasma
rather than maternal plasma, this study did observe associations between metabolic lipid
pathways and birthweight and length z-scores in 413 pregnant people and 787 infants

in rural New Hampshire.>3 As PFAS have been consistently associated with adverse
birthweight, future studies could examine the prenatal or infant metabolome as a mediator
of associations between PFAS and adverse birth outcomes.?® Additionally, PFAS have also
been associated with decreased vaccine response in children; however, we do not know of
any studies evaluating the serum or plasma metabolome and decreased vaccine response

in children, specifically using untargeted metabolomics.14 Regardless, future studies could
evaluate the metabolome as a mediator for the PFAS—vaccine response association.
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In a previous report from the HOME Study, PFOS, PFOA, PFHXS, and PFNA
concentrations during pregnancy were associated with leukocyte DNA methylation at birth
and during adolescence (~12 years of age).>’ Many of the CpGs associated with PFAS

are related to cancers, cardiovascular disease, and kidney function—all outcomes related

to PFAS exposure in adults.>” This result taken in tandem with our study suggests that

PFAS may impact biological pathways at both the epigenetic and metabolomic levels. Future
studies could use multiomics approaches to better elucidate these relations.

Results from our study are largely consistent with previous studies examining prenatal
PFAS or PFAS mixtures in relation to the maternal or infant metabolome, with the most
consistent associations observed for the amino acid and lipid metabolism.22:2458.59 Tajp] et
al. evaluated associations of late pregnancy PFOA, PFNA, PFQOS, or PFHXS concentrations
with the infant metabolome (measured via blood spots within 48 h of birth) for 267 mother—
child pairs in African-American women in Atlanta Georgia between 2016 and 2020.%9

They observed significant associations for mostly amino acid pathways; these pathways
included arginine, proline, and lysine metabolism but not glutamine metabolism or valing,
leucine, and isoleucine degradation. Additionally, a cross-sectional study evaluating 459
pregnant people in the VDAART Study also found that lipid and amino acid pathways were
significantly associated with a mixture of PFOA, PFOS, PFDEA, PFHXS, and PFNA and the
maternal metabolome, measured in late trimester blood plasma.22 Another cross-sectional
study evaluating four PFAS individually (PFHXS, PFOS, PFOA, or PFNA) and the maternal
metabolome (serum between 8- to 14-weeks’ gestation) in 313 African-American people
found a considerable number of enriched pathways overlapping the pathways identified

in our study (amino acid metabolism, glycan biosynthesis and metabolism, carbohydrate
metabolism, lipid metabolism, and metabolism of cofactors and vitamins).58 Although these
studies had similar findings, it is important to note that findings were not identical across
studies. Some reasons for observed differences between these studies and ours may be

the result of utilizing single vs multipollutant models, inclusion of different PFAS in the
PFAS mixture, differences in PFAS concentrations between studies, and/or differences in
untargeted metabolomics methods.

The present and prior results regarding PFAS exposure and the human metabolome
complement findings from rodent studies as well.59-68 For example, rodent studies have
also observed associations between PFAS and lipid metabolism.89-64 This association is
unsurprising as PFAS are structurally similar to fatty acids and have also been associated
with dyslipidemia in adults.8569 Additionally, rodent studies have also found associations
between PFAS and amino acid metabolism as well as carbohydrate metabolism.60.64.66-68
However, most of these studies examined only PFOS or PFOA.

Our study has several notable strengths. Using a prospective pregnancy cohort, we were
able to establish temporality between our exposure and outcome. In addition, we utilized
untargeted metabolomics to identify a wide range of metabolic features and pathways,
allowing for an assessment of metabolic features and pathways that may not normally

be evaluated using hypothesis-driven targeted approaches. Furthermore, we measured each
metabolic feature in triplicate, thus improving the precision of our untargeted metabolomics
data. Another strength is the evaluation of the joint effect of a prenatal PFAS mixture
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on the cord metabolome in addition to the single-pollutant effects. This is important as
chemicals may jointly impact the metabolome, even when no individual effects exist or
appear minimal.”® Furthermore, as PFAS are ubiquitous and some PFAS were moderately
correlated with each other, participants in this study had simultaneous exposure to multiple
PFAS, thus justifying our analysis of joint effects.

This study also had some limitations. Even though we detected a high number of metabolic
features in this study using an untargeted approach, not every metabolic feature was reliably
detectable as some were nondetectable or had CVs > 30%. Thus, we may have potentially
missed some associations, as our MWAS and pathway enrichment analysis were restricted
only to those detectable by our instruments with a reasonably reliable signal. Second, with
264 observations, we were underpowered to explore potential modification by child sex.”®
Third, the participants in this study were from a select population, specifically those enrolled
in the HOME Study based in Cincinnati, Ohio. As such, results may not be generalizable

or transportable.”? However, we saw a substantial overlap between pathways identified in
our study and previous study results, including significant associations between several
metabolic pathways associated with amino acid and lipid metabolism.

In this study, we found that a mixture of PFOS, PFOA, PFNA, and PFHXS in maternal
serum was significantly associated with four molecular features and 49 enriched pathways
related to amino acid metabolism, glycan biosynthesis and metabolism, carbohydrate
metabolism, lipid metabolism, and metabolism of cofactors and vitamins in the cord

serum metabolome, which was consistent with previous studies. These pathways have

been associated with type 2 diabetes, hepatocellular carcinoma, and low birthweight and
thus could explain the link between prenatal PFAS exposure and these health outcomes.
Future studies could assess if these associations mediate associations between prenatal PFAS
exposure and adverse birth or childhood outcomes, such as birthweight or vaccine response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

The authors would like to acknowledge the CDC laboratory staff, who measured the PFAS for this study.
Additionally, they would also like to thank all of the participants of the HOME Study, who have and who

continue to provide their time. This work was supported by grants R01 ES032836, P01 ES011261, R01 ES020349,
RO1ES031621, RO1 ES027224, RO1 ES025214, and R01 ES030078 from the National Institute of Environmental
Health Sciences.

REFERENCES

(1). Hall AM; Braun JM Per-and polyfluoroalkyl substances and outcomes related to metabolic
syndrome: a review of the literature and current recommendations for clinicians. Am. J. Lifestyle
Med 2023, No. 15598276231162802.

(2). Liew Z; Goudarzi H; Oulhote Y Developmental exposures to perfluoroalkyl substances (PFASS):
an update of associated health outcomes. Curr. Environ. Health Rep 2018, 5 (1), 1-19. [PubMed:
29556975]

(3). Danish E Risk Assessment of Fluorinated Substances in Cosmetic Products, Survey of Chemical
Substances in Consumer Products; Danish Environmental Protection Agency, 2018.

Environ Sci Technol. Author manuscript; available in PMC 2024 June 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hall et al.

Page 12

(4). Knutsen HK; Alexander J; Barregard L; Bignami M; schweiler B; Ceccatelli S; Cottrill B; Dinovi
M; Edler L; EFSA Panel on Contaminants in the Food Chain. Risk to human health related to the
presence of perfluorooctane sulfonic acid and perfluorooctanoic acid in food. EFSA J 2018, 16
(12), No. e05194, DOI: 10.2903/j.efsa.2018.5194. [PubMed: 32625773]

(5). Sunderland EM; Hu XC; Dassuncao C; Tokranov AK; Wagner CC; Allen JG A review of
the pathways of human exposure to poly-and perfluoroalkyl substances (PFASs) and present
understanding of health effects. J. Exposure Sci. Environ. Epidemiol 2019, 29 (2), 131-147.

(6). Fromme H; Tittlemier SA; Volkel W; Wilhelm M; Twardella D Perfluorinated compounds—
exposure assessment for the general population in Western countries. Int. J. Hyg. Environ. Health
2009, 212 (3), 239-270. [PubMed: 18565792]

(7). Egeghy PP; Lorber M An assessment of the exposure of Americans to perfluorooctane sulfonate:
a comparison of estimated intake with values inferred from NHANES data. J. Exposure Sci.
Environ. Epidemiol 2011, 21 (2), 150-168.

(8). Olsen GW; Burris JM; Ehresman DJ; Froehlich JW; Seacat AM; Butenhoff JL; Zobel
LR Half-life of serum elimination of perfluorooctanesulfonate, perfluorohexanesulfonate, and
perfluorooctanoate in retired fluorochemical production workers. Environ. Health Perspect 2007,
115 (9), 1298-1305. [PubMed: 17805419]

(9). Spliethoff HM; Tao L; Shaver SM; Aldous KM; Pass KA; Kannan K; Eadon GA Use of newborn
screening program blood spots for exposure assessment: declining levels of perfluorinated
compounds in New York State infants. Environ. Sci. Technol 2008, 42 (14), 5361-5367.
[PubMed: 18754394]

(10). Johnson PI; Sutton P; Atchley DS; Koustas E; Lam J; Sen S; Robinson KA; Axelrad DA
Woodruff TJ 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. [PubMed: 24968388]

(11). Koustas E; Lam J; Sutton P; Johnson PI; Atchley DS; Sen S; Robinson KA; Axelrad DA
Woodruff TJ The Navigation Guide—evidence-based medicine meets environmental health:
systematic review of nonhuman evidence for PFOA effects on fetal growth. Environ. Health
Perspect 2014, 122 (10), 1015-1027. [PubMed: 24968374]

(12). Gao X; Ni W; Zhu S; Wu Y; Cui Y; Ma J; Liu Y; Qiao J; Ye Y; Yang P; et al. Per-
and polyfluoroalky! substances exposure during pregnancy and adverse pregnancy and birth
outcomes: A systematic review and meta-analysis. Environ. Res 2021, 201, No. 111632.
[PubMed: 34237336]

(13). Sagiv SK; Rifas-Shiman SL; Fleisch AF; Webster TF; Calafat AM; Ye X; Gillman MW; Oken
E Early-pregnancy plasma concentrations of perfluoroalkyl substances and birth outcomes in
project viva: confounded by pregnancy hemodynamics? Am. J. Epidemiol 2018, 187 (4), 793—
802. [PubMed: 29155920]

(14). Crawford L; Halperin SA; Dzierlenga MW, Skidmore B; Linakis MW; Nakagawa S; Longnecker
MP Systematic review and meta-analysis of epidemiologic data on vaccine response in relation
to exposure to five principal perfluoroalkyl substances. Environ. Int 2023, 172, No. 107734, DOI:
10.1016/j.envint.2023.107734. [PubMed: 36764183]

(15). Fenton SE; Ducatman A; Boobis A; DeWitt JC; Lau C; Ng C; Smith JS; Roberts SM Per-
and polyfluoroalkyl substance toxicity and human health review: Current state of knowledge
and strategies for informing future research. Environ. Toxicol. Chem 2021, 40 (3), 606-630.
[PubMed: 33017053]

(16). Manz KE; Feerick A; Braun JM; Feng Y-L; Hall A; Koelmel J; Manzano C; Newton SR; Pennell
KD; Place BJ; et al. Non-targeted analysis (NTA) and suspect screening analysis (SSA): a review
of examining the chemical exposome. J. Exposure Sci. Environ. Epidemiol 2023, 33, 524-536,
DOI: 10.1038/s41370-023-00574-6.

(17). Kingsley SL; Walker DI; Calafat AM; Chen A; Papandonatos GD; Xu Y; Jones DP; Lanphear
BP; Pennell KD; Braun JM Metabolomics of childhood exposure to perfluoroalkyl substances:

a cross-sectional study. Metabolomics 2019, 15 (7), No. 95, DOI: 10.1007/s11306-019-1560-z.
[PubMed: 31227916]

(18). Goodrich JA; Walker DI; He J; Lin X; Baumert BO; Hu X; Alderete TL; Chen Z; Valvi

D; Fuentes ZC; et al. Metabolic Signatures of Youth Exposure to Mixtures of Per-and

Environ Sci Technol. Author manuscript; available in PMC 2024 June 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hall et al.

Page 13

Polyfluoroalkyl Substances: A Multi-Cohort Study. Environ. Health Perspect 2023, 131 (2), No.
027005. [PubMed: 36821578]

(19). Chen Z; Yang T; Walker DI; Thomas DC; Qiu C; Chatzi L; Alderete TL; Kim JS; Conti DV;

Breton CV; et al. Dysregulated lipid and fatty acid metabolism link perfluoroalkyl substances
exposure and impaired glucose metabolism in young adults. Environ. Int 2020, 145, No. 106091.
[PubMed: 32892005]

(20). Zhang M; Yu CH; Wang G; Buckley JP; Hong X; Pearson C; Adams WG; Fan ZT; Wang X

Longitudinal trajectories and determinants of plasma per-and polyfluoroalkyl substance (PFAS)
levels from birth to early childhood and metabolomic associations: A pilot study in the Boston
Birth Cohort. Precis. Nutr 2022, 1 (1), No. e00004. [PubMed: 36936201]

(21). Sinisalu L; Yeung LW; Wang J; Pan Y; Dai J; Hydtyldinen T Prenatal exposure to poly-/per-

fluoroalkyl substances is associated with alteration of lipid profiles in cord-blood. Metabolomics
2021, 17, No. 103, DOI: 10.1007/s11306-021-01853-9. [PubMed: 34816353]

(22). Prince N; Begum S; Minguez-Alarcon L; Génard-Walton M; Huang M; Soeteman DI;

Wheelock C; Litonjua AA; Weiss ST; Kelly RS; Lasky-Su J Plasma concentrations of per-and
polyfluoroalkyl substances are associated with perturbations in lipid and amino acid metabolism.
Chemosphere 2023, 324, No. 138228. [PubMed: 36878362]

(23). Maitre L; Robinson O; Martinez D; Toledano MB; Ibarluzea J; Marina LS; Sunyer J; Villanueva

CM; Keun HC; Vrijheid M; Coen M Urine metabolic signatures of multiple environmental
pollutants in pregnant women: an exposome approach. Environ. Sci. Technol 2018, 52 (22),
13469-13480. [PubMed: 30285427]

(24). Li Y; Lu X; Yu N; Li A; Zhuang T; Du L; Tang S; Shi W; Yu H; Song M; Wei S Exposure

to legacy and novel perfluoroalkyl substance disturbs the metabolic homeostasis in pregnant
women and fetuses: A metabolome-wide association study. Environ. Int 2021, 156, No. 106627.
[PubMed: 33991873]

(25). Li S; Park Y; Duraisingham S; Strobel FH; Khan N; Soltow QA; Jones DP; Pulendran B

Predicting network activity from high throughput metabolomics. PLoS Comput. Biol 2013, 9 (7),
No. e1003123.

(26). Braun JM; Kalloo G; Chen A; Dietrich KN; Liddy-Hicks S; Morgan S; Xu Y; Yolton K;

Lanphear BP Cohort profile: the Health Outcomes and Measures of the Environment (HOME)
study. Int. J. Epidemiol 2017, 46 (1), 24 DOI: 10.1093/ije/dyw006. [PubMed: 27006352]

(27). Kato K; Basden BJ; Needham LL; Calafat AM Improved selectivity for the analysis of maternal

serum and cord serum for polyfluoroalkyl chemicals. J. Chromatogr. A 2011, 1218 (15), 2133-
2137. [PubMed: 21084089]

(28). Kato K; Kalathil AA; Patel AM; Ye X; Calafat AM Per- and polyfluoroalky! substances

and fluorinated alternatives in urine and serum by on-line solid phase extraction—liquid
chromatography—-tandem mass spectrometry. Chemosphere 2018, 209, 338-345. [PubMed:
29935462]

(29). Centers for Disease Control and Prevention. Laboratory Procedure Manual, 2015.
(30). Environmental Protection Agency. Per- and Polyfluoroalkyl Substances National Primary

Drinking Water Regulation. March 29, 2023.

(31). 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, 12 (6), 6098-6114.
[PubMed: 26035660]

(32). Gebbink WA; Glynn A; Berger U Temporal changes (1997-2012) of perfluoroalky! acids and

selected precursors (including isomers) in Swedish human serum. Environ. Pollut 2015, 199,
166-173. [PubMed: 25660070]

(33). Liu KH; Nellis M; Uppal K; Ma C; Tran V; Liang Y; Walker DI; Jones DP Reference

Standardization for Quantification and Harmonization of Large-Scale Metabolomics. Anal. Chem
2020, 92 (13), 8836-8844. [PubMed: 32490663]

(34). Yu T, Park Y; Johnson JM; Jones DP apLCMS-adaptive processing of high-resolution LC/MS

data. Bioinformatics 2009, 25 (15), 1930-1936. [PubMed: 19414529]

Environ Sci Technol. Author manuscript; available in PMC 2024 June 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hall et al.

Page 14

(35). Deng K; Zhao F; Rong Z; Cao L; Zhang L; Li K; Hou Y; Zhu Z-J WavelCA 2.0: a novel
batch effect removal method for untargeted metabolomics data without using batch information.
Metabolomics 2021, 17, No. 87, DOI: 10.1007/s11306-021-01839-7. [PubMed: 34542717]

(36). Pearl J; Robins JM Probabilistic Evaluation of Sequential Plans from Causal Models with Hidden
Variables. In Uncertainty in Artificial Intelligence; CiteSeer, 1995; pp 444-453.

(37). Keil AP; Buckley JP; O’Brien KM; Ferguson KK; Zhao S; White AJ A quantile-based g-
computation approach to addressing the effects of exposure mixtures. Environ. Health Perspect
2020, 128 (4), No. 047004. [PubMed: 32255670]

(38). Benjamini Y; Hochberg Y Controlling the false discovery rate: a practical and powerful approach
to multiple testing. J. R. Stat. Soc.: Series B 1995, 57 (1), 289-300.

(39). Uppal K; Walker DI; Jones DP xMSannotator: an R package for network-based annotation of
high-resolution metabolomics data. Anal. Chem 2017, 89 (2), 1063-1067. [PubMed: 27977166]

(40). Sumner LW; Amberg A; Barrett D; Beale MH; Beger R; Daykin CA; Fan TW-M; Fiehn O;
Goodacre R; Griffin JL Proposed minimum reporting standards for chemical analysis: chemical
analysis working group (CAWG) metabolomics standards initiative (MSI). Metabolomics 2007,
3, 211-221. [PubMed: 24039616]

(41). R: A Language and Environment for Statistical Computing; R Foundation for Statistical
Computing: Vienna, Austria, 2022 https://www.R-project.org/. (accessed May 25, 2023).

(42). Hall AM; F E AmberHall/HOME-Prenatal-PFAS-Cord-Metabolomics. (November 7, 2023).

(43). Jain RB Effect of pregnancy on the levels of selected perfluoroalkyl compounds for females
aged 17-39 years: data from National Health and Nutrition Examination Survey 2003-2008. J.
Toxicol. Environ. Health, Part A 2013, 76, 409-421, DOI: 10.1080/15287394.2013.771547.

(44). Steenland K; Jin C; MacNeil J; Lally C; Ducatman A; Vieira V; Fletcher T Predictors of PFOA
levels in a community surrounding a chemical plant. Environ. Health Perspect 2009, 117 (7),
1083-1088. [PubMed: 19654917]

(45). Zhao C; Wang S; Zhai Y; Wang M; Tang Y; Li H; Im YJ; Ge R-S Direct inhibition of human
and rat 118-hydroxysteroid dehydrogenase 2 by per-and polyfluoroalkyl substances: Structure-
activity relationship and in silico docking analysis. Toxicology 2023, 488, No. 153484. [PubMed:
36878351]

(46). Zhao B; Hu G-X; Chu Y; Jin X; Gong S; Akingbemi BT; Zhang Z; Zirkin BR; Ge R-S Inhibition
of human and rat 3p-hydroxysteroid dehydrogenase and 17p-hydroxysteroid dehydrogenase 3
activities by perfluoroalkylated substances. Chem.-Biol. Interact 2010, 188 (1), 38—43. [PubMed:
20619251]

(47). Zhao B; Lian Q; Chu Y; Hardy DO; Li X-K; Ge R-S The inhibition of human and rat 115
hydroxysteroid dehydrogenase 2 by perfluoroalkylated substances. J. Steroid Biochem. Mol. Biol
2011, 125 (1-2), 143-147. [PubMed: 21237268]

(48). Guasch-Ferré M; Hruby A; Toledo E; Clish CB; Martinez-Gonzalez MA; Salas-Salvadé J; Hu FB
Metabolomics in prediabetes and diabetes: a systematic review and meta-analysis. Diabetes Care
2016, 39 (5), 833-846. [PubMed: 27208380]

(49). Goodrich JA; Walker D; Lin X; Wang H; Lim T; McConnell R; Conti DV; Chatzi L; Setiawan
VW Exposure to perfluoroalkyl substances and risk of hepatocellular carcinoma in a multiethnic
cohort. JHEP Rep 2022, 4 (10), No. 100550. [PubMed: 36111068]

(50). Costello E; Rock S; Stratakis N; Eckel SP; Walker DI; Valvi D; Cserbik D; Jenkins T; Xanthakos
SA; Kohli R; et al. Exposure to per-and polyfluoroalky! substances and markers of liver injury:

a systematic review and meta-analysis. Environ. Health Perspect 2022, 130 (4), No. 046001.
[PubMed: 35475652]

(51). Colicino E; Ferrari F; Cowell W; Niedzwiecki M; Pedretti NF; Joshi A; Wright R; Wright R
Non-linear and non-additive associations between the pregnancy metabolome and birthweight.
Environ. Int 2021, 156, No. 106750. [PubMed: 34256302]

(52). Zhai X; Liu J; Yu M; Zhang Q; Li M; Zhao N; Liu J; Song Y; Ma L; Li R; et al. Nontargeted
metabolomics reveals the potential mechanism underlying the association between birthweight
and metabolic disturbances. BMC Pregnancy Childbirth 2023, 23 (1), No. 14, DOI: 10.1186/
512884-023-05346-6. [PubMed: 36624413]

Environ Sci Technol. Author manuscript; available in PMC 2024 June 18.


https://www.R-project.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hall et al.

Page 15

(53). Yeum D; Gilbert-Diamond D; Doherty B; Coker M; Stewart D; Kirchner D; McRitchie S;

(54).

(55).

(56).

(57).

(58).

(59).

(60).

(61).

(62).

(63).

(64).

(65).

(66).

(67).

Sumner S; Karagas MR; Hoen AG Associations of maternal plasma and umbilical cord plasma
metabolomics profiles with birth anthropometric measures. Pediatr. Res 2023, 94, 135-142, DOI:
10.1038/s41390-022-02449-2. [PubMed: 36627359]

Manuck TA; Lai Y; Ru H; Glover AV; Rager JE; Fry RC; Lu K Metabolites from midtrimester
plasma of pregnant patients at high risk for preterm birth. Am. J. Obstet. Gynecol. MFM 2021, 3
(4), No. 100393, DOI: 10.1016/j.ajogmf.2021.100393. [PubMed: 33991707]

Chen Y; He B; Liu Y; Aung MT; Rosario-Pabdn Z; Vélez-Vega CM; Alshawabkeh A; Cordero
JF; Meeker JD; Garmire LX Maternal plasma lipids are involved in the pathogenesis of preterm
birth. GigaScience 2022, 11, No. giac004.

Gui S-Y; Chen Y-N; Wu K-J; Liu W; Wang W-J; Liang H-R; Jiang Z-X; Li Z-L; Hu C-Y
Association between exposure to per-and polyfluoroalkyl substances and birth outcomes: a
systematic review and meta-analysis. Front. Public Health 2022, 10, No. 855348. [PubMed:
35400049]

Liu Y; Eliot MN; Papandonatos GD; Kelsey KT; Fore R; Langevin S; Buckley J; Chen

A,; Lanphear BP; Cecil KM; et al. Gestational perfluoroalkyl substance exposure and DNA
methylation at birth and 12 years of age: a longitudinal epigenome-wide association study.
Environ. Health Perspect 2022, 130 (3), No. 037005. [PubMed: 35266797]

Chang C-J; Barr DB; Ryan PB; Panuwet P; Smarr MM; Liu K; Kannan K; Yakimavets V;

Tan Y; Ly V; et al. Per-and polyfluoroalkyl substance (PFAS) exposure, maternal metabolomic
perturbation, and fetal growth in African American women: A meet-in-the-middle approach.
Environ. Int 2022, 158, No. 106964. [PubMed: 34735953]

Taibl KR; Dunlop AL; Barr DB; Li Y-Y; Eick SM; Kannan K; Ryan PB; Schroder M; Rushing B;
Fennell T; et al. Newborn metabolomic signatures of maternal per-and polyfluoroalkyl substance
exposure and reduced length of gestation. Nat. Commun 2023, 14 (1), No. 3120. [PubMed:
37253729]

Bjork J; Butenhoff J; Wallace KB Multiplicity of nuclear receptor activation by PFOA and

PFOS in primary human and rodent hepatocytes. Toxicology 2011, 288 (1-3), 8-17. [PubMed:
21723365]

Li K; Gao P; Xiang P; Zhang X; Cui X; Ma LQ Molecular mechanisms of PFOA-induced
toxicity in animals and humans: Implications for health risks. Environ. Int 2017, 99, 43-54.
[PubMed: 27871799]

Fragki S; Dirven H; Fletcher T; Grasl-Kraupp B; tzkow KB; Hoogenboom R; Kersten S;
Lindeman B; Louisse J; Peijnenburg A; et al. Systemic PFOS and PFOA exposure and disturbed
lipid homeostasis in humans: what do we know and what not? Crit. Rev. Toxicol 2021, 51 (2),
141-164, DOI: 10.1080/10408444.2021.1888073. [PubMed: 33853480]

Sen P; Qadri S; Luukkonen PK; Ragnarsdottir O; McGlinchey A; Jantti S; Juuti A; Arola J;
Schlezinger JJ; Webster TF; et al. Exposure to environmental contaminants is associated with
altered hepatic lipid metabolism in non-alcoholic fatty liver disease. J. Hepatol 2022, 76 (2),
283-293. [PubMed: 34627976]

Conley JM; Lambright CS; Evans N; Farraj AK; Smoot J; Grindstaff RD; Hill D; McCord

J; Medlock-Kakaley E; Dixon A; et al. Dose additive maternal and offspring effects of oral
maternal exposure to a mixture of three PFAS (HFPO-DA, NBP2, PFOS) during pregnancy in the
Sprague-Dawley rat. Sci. Total Environ 2023, 892, No. 164609. [PubMed: 37271399]

Fletcher T; Galloway TS; Melzer D; Holcroft P; Cipelli R; Pilling LC; Mondal D; Luster M;
Harries LW Associations between PFOA, PFOS and changes in the expression of genes involved
in cholesterol metabolism in humans. Environ. Int 2013, 57-58, 2-10.

Alderete TL; Jin R; Walker DI; Valvi D; Chen Z; Jones DP; Peng C; Gilliland FD; Berhane K;
Conti DV, et al. Perfluoroalkyl substances, metabolomic profiling, and alterations in glucose
homeostasis among overweight and obese Hispanic children: A proof-of-concept analysis.
Environ. Int 2019, 126, 445-453. [PubMed: 30844580]

Wang X; Liu L; Zhang W; Zhang J; Du X; Huang Q; Tian M; Shen H Serum metabolome
biomarkers associate low-level environmental perfluorinated compound exposure with oxidative/
nitrosative stress in humans. Environ. Pollut 2017, 229, 168-176. [PubMed: 28599201]

Environ Sci Technol. Author manuscript; available in PMC 2024 June 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hall et al.

Page 16

(68). Yu N; Wei S; Li M; Yang J; Li K; Jin L; Xie Y; Giesy JP; Zhang X; Yu H Effects
of perfluorooctanoic acid on metabolic profiles in brain and liver of mouse revealed by a
high-throughput targeted metabolomics approach. Sci. Rep 2016, 6 (1), No. 23963. [PubMed:
27032815]

(69). Averina M; Brox J; Huber S; Furberg A-S Exposure to perfluoroalkyl substances (PFAS) and
dyslipidemia, hypertension and obesity in adolescents. The Fit Futures study. Environ. Res 2021,
195, No. 110740. [PubMed: 33460636]

(70). Vuong AM; Yolton K; Braun JM; Lanphear BP; Chen A Chemical mixtures and neurobehavior:
a review of epidemiologic findings and future directions. Rev. Environ. Health 2020, 35 (3),
245-256. [PubMed: 32598325]

(71). Saoi M; Kennedy KM; Gohir W; Sloboda DM; Britz-McKibbin P Placental metabolomics for
assessment of sex-specific differences in fetal development during normal gestation. Sci. Rep
2020, 10 (1), No. 9399, DOI: 10.1038/s41598-020-66222-3. [PubMed: 32523064]

(72). Westreich D; Edwards JK Invited commentary: every good randomization deserves observation.
Am. J. Epidemiol 2015, 182 (10), 857-860. [PubMed: 26487342]

Environ Sci Technol. Author manuscript; available in PMC 2024 June 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hall et al.

-Logl0 (p-value)

10.04

”

0.0+

Page 17

PFHxS

, PFOS

o “Unknown " 3-Monoiodo-L-thyronine 4-O-sulfate

v v v
-1 0 I
Log2-Fold Change in lon Intensity

Figure 1.
Identified and putatively identified cord serum metabolic features associated with a prenatal

(~16 weeks’ gestation) mixture of four PFAS in the HOME Study (2003 to 2006, V=

264). This analysis used a quantile-based g-computation model of a mixture of four serum
PFAS concentrations (PFOA, PFNA, PFHXS, and PFOS) with metabolic features adjusted
for household income, maternal race, parity, maternal age at delivery, and tobacco exposure
at 16 weeks’ gestation; a false discovery rate (FDR) < 0.2 was employed (red dashed line).
Annotation was conducted using the Human Metabolome Database (HMBD) and manually
inspecting MS2 mass spectra for confirmation and confidence was determined using the
Metabolomics Standards Initiative (MSI); PFOS and PFHxS were confirmed at a level 1
confidence, 3-monoiodo-L-thyronine 4- O-sulfate was putatively identified at level 3, and the
unknown features was level 4. *Unknown feature has a mass-to-charge ratio of 590.0020
and a retention time of 441.4 s.
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Figure 2.
Cord serum metabolic pathways significantly associated with a mixture of four PFAS

and individual PFAS concentrations during gestation in the HOME Study (2003 to 2006,
N=264). For the 4-PFAS mixture model (PFOA, PFNA, PFHxS, and PFOS) and the
single-pollutant models, PEA employed results from a quantile-based g-computation model
and four linear regression models, respectively, adjusting for annual household income,
maternal race, maternal age at delivery, parity, and tobacco exposure at 16 weeks’ gestation.
AGamma) < 0.05 was considered statistically significant for all mummichog pathway
enrichment analyses.
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