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Abstract

High-resolution metabolomics (HRM) profiling of metabolic fingerprints can improve 

understanding of how poly and perfluoroalkyl substances (PFASs) induce metabolic alterations of 

in utero environment and impact fetal health. HRM profiling and quantification of PFASs were 

performed for 397 maternal perinatal serum samples collected from 1959–1967 in the Child 

Health and Development Studies (CHDS). We used Metabolome-Wide Association Studies 

(MWAS) and pathway enrichment analysis for metabolic associations with PFOS, its precursor 

EtFOSAA, and EtFOSAA-to-PFOS ratio. Distinct metabolic profiles were found with EtFOSAA 

and PFOS. Urea cycle metabolites such as arginine, lysine and creatine had opposite associations 

with EtFOSAA (negative) and PFOS (positive); whereas, carnitine shuttle metabolites were found 

to be exclusively and positively associated with PFOS indicating perturbation in fatty acid 

metabolism. These differential metabolic associations for precursor and end-product represent an 

important first step in identifying how PFASs alter the in utero environment and potentially leads 

to disease risk.
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Introduction

Perfluoroalkyl and polyfluoroalkyl substances (generally denoted as PFASs) have been 

widely used in numerous industrial and commercial applications since 1950 [1]. Their 

exceptional chemical and thermal stability, as well as hydrophobic and lipophobic nature, 

have led to extensive utilization in surfactants for resisting stain and grease, including 

nonstick cookware, packaging products, carpets, leather products, and textiles that enhance 
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water, grease and soil repellency [1, 2]. Despite the phasing out of the production and use of 

several PFASs in the early 2000s, they are still present in all environmental media including 

air, water, soil and food, and can almost always be detected in human serum due to their 

persistence [3, 4]. The major exposure pathways are ingestion of contaminated food and 

water, while children are more susceptible than adults due to hand-to-mouth transfer of 

chemicals from carpets and ingestion of dust [5]. The most abundant PFASs compound 

detected in humans is perfluorooctane sulfonic acid (PFOS) followed by perofluorooctanoic 

acid (PFOA) [2], which may come from direct sources of manufacturing emissions and 

products themselves, and from indirect sources via precursor degradation [6]. With the 

decline of PFOS manufacturing over the last decade, investigating the indirect sources has 

become increasingly important [7].

Health concerns of PFASs compounds have attracted growing attention in recent years. 

Human epidemiology studies have suggested associations between PFASs exposure and 

multiple adverse health outcomes [2]. In particular, the developmental toxicity of PFASs 

have been well studied and recognized in humans including pregnancy-induced 

hypertension, pre-eclampsia, decreased fertility, decreased birth weight and thyroid disease 

[8–10]. Consistently in rodent experiments, exposure to PFOA and PFOS during pregnancy 

was shown to induce both early and later life adverse health outcomes such as delay in 

mammary gland development, neurodevelopmental and immune toxicity in offspring of 

exposed animals [11]. More recently, two human studies have suggested the associations 

between PFASs and breast cancer risks [12, 13]. These associations may extend to the 

connection between maternal exposure and offspring health. In the Child Health and 

Development Studies (CHDS) cohort, we measured the level of 2-(N-Ethyl-perfluorooctane 

sulfonamido) acetic acid (EtFOSAA), a precursor which is applied to a variety of consumer 

products and degraded to PFOS [6]. We found that high EtFOSAA exposure combined with 

high maternal cholesterol predicted a 3.6-fold increased risk of breast cancer in daughters. 

Conversely, maternal PFOS was associated with decreased breast cancer risk in daughters 

[14]. Although the underlying mechanisms are not well understood, the link between 

maternal endocrine disruptor exposure and offspring breast cancer risks is mostly 

established in mammary gland development of the offspring [10, 11, 15, 16]. This evidence 

speaks to the possibility of epigenetic programming as one of the key mechanisms linking 

early developmental exposures to PFAS, but additional research is needed [10].

Metabolic profiling of maternal samples is a newly developed tool to understand the 

alterations in fetal environment and make further links to the health outcomes of the 

offspring [17–19]. A limited number of human studies have reported that PFOS and other 

PFASs were associated with alteration in human serum metabolome involving redox 

signaling and multiple fatty acid metabolism pathways [20, 21], which are in line with 

findings from animal and cell culture models [22, 23]. However, no information is available 

on the metabolic effects of maternal PFASs exposure, in other words, changes in the in utero 
environment.

In this study, we performed a metabolome-wide association study (MWAS) using untargeted 

high-resolution mass spectrometry (HRM) to identify metabolic changes associated with 

serum PFOS concentrations in women during pregnancy or early postpartum. We also tested 
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an a priori hypothesis that the PFOS precursor, EtFOSAA [1] would have different effects 

on the metabolome of the in utero environment and potentially on the risk of reproductive 

diseases than its their end-product, PFOS, because of structural differences and possibly 

different biological activity [24]. This possibility is corroborated by the findings of different 

effects of o,p’-DDT, p,p’-DDT and p,p’-DDE on multiple reproductive health outcomes 

[25–29]. Moreover, PFOS and EtFOSAA were differentially associated with daughter’s 

breast cancer risk in the CHDS [14]. To test this hypothesis, we assessed the metabolite 

profiles associated with serum EtFOSAA levels, PFOS levels and the ratio of EtFOSAA to 

PFOS (as an indicator of active exposure) in the CHDS F0 generation, and compared the 

similarity and difference of metabolic pathways.

Methods

Study population and exposures

In this study, we analyzed sera from 397 subjects as part of the Child Health and 

Development Studies (CHDS) cohort. The CHDS was designed to examine the association 

between prenatal exposures and health and development over the life course for parents and 

children. The CHDS recruited women residing in the Oakland, California area who were 

members of the Kaiser Foundation Health Plan and received obstetric care for pregnancies 

between 1959 and 1967 [30]. Previously we found a strong positive association between 

perinatal EtFOSAA exposure and offspring breast cancer risk among a subset of CHDS 

daughters (102 breast cancer cases and 310 controls of offspring). Age-matched, conditional 

logistic regression to estimate maternal EtFOSAA association with daughters’ breast cancer 

showed a 3.6-fold increased risk when accompanied by high levels of maternal cholesterol, 

while maternal PFOS was associated with decreased risk. Therefore, here we sought to 

follow up and test the hypothesis that EtFOSAA and PFOS induce different metabolic 

alterations in maternal serum that potentially may contribute to the health outcomes of the 

offspring. This paper includes 50 randomly selected cases (breast cancer in daughters) and 

347 controls, roughly approximating the disease prevalence of 1/8 of the US population. The 

cases and controls were matched on birth year and trimester of maternal blood draw. All 

blood specimens were collected throughout all trimesters and early postpartum (1–3 days 

after delivery). The present study was reviewed and approved by The Institutional Review 

Board of the Public Health Institute and it has complied with all federal guidelines 

governing use of human subjects.

PFASs levels were measured in non-fasting maternal perinatal serum samples including 

mostly samples (73.5%) collected right after delivery (within 2 days) and a smaller subset 

from the third trimester (17.9%). The number of samples from the first and second trimester 

were relatively small (3 and 15 samples, respectively) (Supplemental Table S1). Because 

PFASs cross the placenta and accumulate in the fetus, we used samples throughout 

pregnancy and postpartum yet with a preference on early postpartum samples which may 

best capture more prolonged in utero exposure. A family of PFAS compounds were 

measured including perfluorodecanoic acid (PFDeA), perfluorododecanoic acid (PFDoA), 

perfluoroheptanoic acid (PFHpA), perfluorohexane sulfonic acid (PFHxS), 

perfluorononanoic acid (PFNA), perfluorooctanoic acid (PFOA), perfluorooctanesulfonic 
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acid (PFOS), perfluorooctanesulfonamide (PFOSA), perfluoroundecanoic acid (PFUdA), 2-

(N-Methyl-perfluorooctane sulfonamido) acetic acid (MeFOSAA) and 2-(N-Ethyl-

perfluorooctane sulfonamido) acetic acid (EtFOSAA). Briefly, 100 μL of serum were mixed 

with 0.1 M formic acid, and internal standards were added (MPFAC-MXA, Wellington 

Laboratories), then injected by an online SPE-HPLC system (Symbiosis Pharma system 

with Mistral CS Cool, Spark Holland Inc.) to a C18 cartridge (HySphere C18HD, 7 μm, 10 

× 2 mm). After washing, the target analytes were eluted to a C8 HPLC column (BETASIL 

C8 column, Thermo Fisher Scientific) for separation. The eluate was then introduced to the 

MS/MS (ABSciex API 4000 QTrap) for multiple-reaction- monitoring (MRM) analysis. 

p,p’-DDE was measured in the laboratory of the California Department of Toxic Substances 

Control using methods developed previously [31]. Briefly, serum samples spiked with 

surrogate standards (tetrachloro-m-xylene, PCB-65, PCB-166) were extracted using Oasis 

HLB SPE cartridges (Waters Corp.; Milford, MA), and subsequently cleaned up with 33% 

sulfuric acid silica. DDE was analyzed on a DB-5ms column (30 m × 0.25 mm I.D., 0.25 μm 

film thickness; Agilent Technologies; Sunnyvale, CA) using gas chromatograph-tandem 

mass spectrometer (Agilent, Santa Clara, CA).

Total lipids were measured by total cholesterol and triglycerides assayed enzymatically as 

previously described [25] at the Clinical & Epidemiologic Research Laboratory (CERLab) 

at Boston Children’s Hospital (certified by the Centers for Disease Control and Prevention/

National Heart, Lung, and Blood Institute Lipid Standardization).

High-resolution LC-MS metabolomics

Metabolite extracts of sera were analyzed as described previously to acquire untargeted 

metabolic profiling [32–34]. Briefly, 65 μL aliquots were taken from each thawed serum 

sample and maintained on ice. Ice-cold acetonitrile was added to the aliquots at a 2:1 ratio to 

precipitate the proteins. A mixture of 14 stable isotope internal standards was included for 

quality control prior to protein precipitation. Following 30 minutes incubation on ice, 

samples were centrifuged for 10 minutes at 16,100×g at 4°C. Supernatants were then 

randomized, and injected in triplicates to C18 chromatography (Higgins Analytical, 

100×2.1mm, 5uL) coupled with Q-Exactive HF mass spectrometer (Thermo Fisher). Mass 

spectral data were collected with positive electrospray ionization from m/z (mass-to-charge 

ratio) 85 to 1275.

Bioinformatics and Biostatistics

Raw mass spectrometry data was extracted using apLCMS [35] and xMSanalyzer [36] for 

m/z, retention time, and integrated peak intensity. Data were pre-filtered from 12,855 to 

3,121 metabolic features to retain only features with non-zero values in > 80% in all samples 

and >50% in each group. Principle component analysis and hierarchical clustering analysis 

were performed to decide whether the factors related to pregnancy time, delivery type, parity 

or breastfeeding affects the metabolism. Metabolome-wide-association study (MWAS) was 

conducted using linear regression models, which associate the serum PFOS and EtFOSAA 

concentration with metabolite intensities, adjusted for covariates including total cholesterol 

(continuous variable), age (continuous variable) and p,p’-DDE levels (continuous variable). 

EtFOSAA and PFOS were entered into models simultaneously and were alternatively 
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entered as a ratio of precursor, EtFOSAA to PFOS to model individual relative exposures. 

PFOS and EtFOSAA concentrations as well as the ratio were log 2 transformed for 

normalizing for regression models.

All metabolic features were annotated with xMSannotator [37] using HMDB (Human 

Metabolome Database, [38]) at 5 ppm tolerance; confidence scores for annotation by 

xMSannotator are derived from a multistage clustering algorithm. Identities of selected 

metabolites were confirmed by accurate m/z match and co-elution with authentic standards 

(level 1 identification by criteria of Schymanski et al [39]).

Each PFASs variable (EtFOSAA, PFOS and ratio of EtFOSAA to PFOS) was categorized in 

quartiles of distribution based on the cohort population. Student’s t test (two-tailed with 

Welch’s correction for unequal variance) were used to test statistical significance among 

quartiles. Pathway enrichment analysis was performed in mummichog (version 2.0, features 

with P < 0.05 were treated as the significant input list), which uses a probabilistic algorithm 

different from feature level statistics and produces pathway p-values based on permutation 

[40, 41]. The version 2 of mummichog enforces retention time in grouping isotopes or 

adducts, thus producing more stringent results compared to version 1. All other 

bioinformatics analyses were performed in RStudio version 1.1.447 (RStudio, Inc.). The 

significance level was P < 0.05 for all tests; Benjamin and Hochberg false discovery rate was 

used for multiple comparisons [42].

Results

Distributions of study variables

Demographic information for this study is summarized in Supplemental Table 1. The present 

study sample has an average age of 25 years old, mostly non-obese and non-African-

American. Other than age, we also adjusted for total serum cholesterol and p,p’-DDE levels 

which may exhibit similar endocrine disrupting effects. Information on parity, breast 

feeding, delivery type as well as time of blood collection during or after pregnancy is listed 

in Supplemental Table 1. The distributions of the aforementioned factors were primarily 

concentrated within one group: multiparous (69.5%) ; blood drawn within 2 days post-

delivery (73.5%); vaginal delivery (94.5%); never breastfed (74.6%), with the latter two 

distributions reflecting characteristics of the general population around 1960s. These 

distributions suggested that the effects of these factors on metabolic profiles of this cohort 

were insignificant, which was confirmed by the lack of group separation by any of these 

factors (Supplemental Figure S1-S4).

Out of the 11 PFASs compounds we monitored, we found that PFOS was the most abundant 

chemical (median level 33.9 ng/mL), followed by perfluorohexane sulfonic acid (PFHxS) 

(median 2.29 ng/mL), PFOA (median 0.40 ng/mL) and EtFOSAA (median 0.28 ng/mL) in 

abundance (Supporting Table S1). Levels of other PFASs compounds, including PFOSA (the 

other PFOS precursor), were below detection limit for more than 50% of samples. Thus we 

restricted our attention to PFOS, and EtFOSAA as its precursor. Both PFOS and EtFOSAA 

showed positive skewed distribution, yet the skewness was lower for PFOS (1.9) than for 

EtFOSAA (4.2) (Figure 1A and B). This suggested difference in sources of exposure to 
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EtFOSAA and PFOS, or differences in elimination rates of the two chemicals among 

individuals. Distribution of the ratio (EtFOSAA : PFOS) showed a number of outliers that 

have high EtFOSAA to PFOS ratio (Figure 1C), which may indicate an active exposure to 

the precursor or slow metabolism rate. Median levels of PFOS (33.9 ng/mL) and EtFOSAA 

(0.28 ng/mL) detected in this cohort were comparable to the 1999–2000 NHANES survey 

(30.4 ng/mL and 0.6 ng/mL, respectively) [4].

Metabolome wide association of PFOS and EtFOSAA

In order to investigate the global metabolic alterations associated with varying EtFOSAA 

and PFOS concentrations, we performed a metabolome wide association study (MWAS) of 

the untargeted HRM data from the serum samples collected during pregnancy or early 

postpartum. Using a linear regression model, 483 out of 3121 metabolic features were found 

significantly associated with EtFOSAA concentrations (P < 0.05, Figure 2A). Similarly, 301 

features were associated with PFOS concentrations (Figure 2B), while the ratio of the two 

showed the significant association with 360 features (Figure 2C). With FDR under 0.05, 34 

features remained significant in association with PFOS, and 49 with EtFOSAA. Among the 

significant features (P < 0.05), EtFOSAA and PFOS overlapped on 81 features; EtFOSAA 

and the ratio overlapped on 161 features; and PFOS and the ratio overlapped on 143 

features. Altogether, 63 features were commonly associated with EtFOSAA, PFOS and the 

ratio. Interestingly, correlations of m/z features (Figure 2, red or blue indicating positive or 

negative) showed different patterns between EtFOSAA and PFOS, indicating distinct 

metabolic effects (Figure 2).

The results from the regression analysis were used to perform pathway enrichment analysis 

with mummichog, to understand the functional alterations of the metabolome. Results 

showed that EtFOSSA and PFOS shared two major metabolic pathways that were 

significantly enriched (P < 0.05) and contained ≥6 detected metabolites within the biological 

pathway. These two common pathways were glycine, threonine, alanine and serine 

metabolism, and urea cycle/amino group metabolism (Figure 3). On the other hand, carnitine 

shuttle was most strongly enriched (P = 0.00064) and also exclusively associated with PFOS 

exposure as the top metabolic pathway. Consistently other unique pathways from PFOS 

exposure were physiologically linked to carnitine shuttle, including lysine metabolism which 

generates carnitine, and branched chain amino acid (BCAA) metabolism (i.e. valine, leucine 

and isoleucine degradation) since both BCAA and carnitine facilitate generation of energy 

precursors in mitochondria [43, 44]. This cluster of pathways suggested a mechanistic link 

of PFOS to energy production that is not associated with EtFOSAA.

Metabolic effects of recent active exposure were examined by MWAS of EtFOSAA to PFOS 

ratio (Figure 2C and Figure 3). Two major pathways were shared by EtFOSAA and 

EtFOSAA to PFOS metabolic associations, on metabolism of glycine, serine, alanine, 

threonine, and urea cycle/amino groups, which reflected the metabolic alterations caused by 

EtFOSAA.
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Key Metabolites in network associated with EtFOSAA and PFOS exposure

We further investigated the key metabolites that were in the common pathways shared by 

EtFOSAA, PFOS and the ratio of the two. Figure 4A shows the quartile average abundance 

of all significant 360 metabolites in association with EtFOSAA to PFOS ratio. We annotated 

a total of nine metabolites that contributed to enrichment of the two common pathways 

(Figure 3) and found that they clustered according to their biological pathways. For example, 

metabolites in urea cycle and amino group metabolism such as β-alanine, creatinine, 

pipecolate, lysine, arginine, creatine and adrenochrome were all decreased with increasing 

ratio of EtFOSAA to PFOS (Figure 4A). These metabolites showed similar negative 

association with EtFOSAA levels, whereas positive associations were found for all of them 

with PFOS levels (indicated by t statistics in Figure 4B). On the contrary, the two 

metabolites (homocysteine and betaine) representing glycine, serine and threonine 

metabolism were negatively correlated with PFOS yet positively correlated with EtFOSAA 

and the ratio of the two. This discrepancy in directionality of correlation was also obvious 

with other metabolites such as phosphoserine and dimethyl-lysine (details of all metabolites 

listed in Supplemental Table S2). Thus, it is evident that even within the commonly affected 

pathways, PFOS and its precursor exhibited differential effects.

Because PFOS exposure showed a unique effect in carnitine shuttle compared to EtFOSAA, 

we examined the metabolites in the carnitine pathway affected by PFOS and presented the 

corresponding levels of representative metabolites for the women in each quartile of PFOS 

exposure in Figure 5. We found that women with higher PFOS levels (quartile 4) had lower 

intensities of N6,N6-dimethyl-L-lysine (a biosynthesis precursor of carnitine [45], Figure 

5A), and higher intensities of carnitine and acyl-carnitines (Figure 5B,C and D). The 

alterations of carnitine-related metabolites indicated a possible interference of PFOS with 

fatty acid metabolism and confirmed the findings of PFOS toxicity in lipid regulation [2].

Discussion

Metabolic phenotyping with high-resolution metabolomics provides a new approach to 

understand the effects of mixed exposure and underlying toxic mechanisms. Our study 

showed differential metabolic effects associated with serum EtFOSAA and PFOS levels in 

women during pregnancy and early postpartum. MWAS of PFOS and EtFOSAA exposure in 

women showed different directionality of impacts on critical metabolites in urea cycle and 

mostly non-essential amino acid metabolism pathway (glycine, serine and threonine). 

MWAS of PFOS also showed a metabolic signature involving carnitine metabolism that was 

distinct from the EtFOSAA signatures, revealing a unique PFOS association with fatty acid 

metabolism [34, 46–48]. This finding supported the hypothesis that PFOS precursors would 

have different metabolic effects and therefore may contribute to different health risk than 

their end-product, PFOS [24]. Interestingly, MWAS of the ratio of EtFOSAA to PFOS 

showed similar metabolic alterations of pathways and metabolites compared to that of 

EtFOSAA, suggesting this pattern can be a reproducible and relatively unique marker 

discriminating effects of recent active exposure from the PFOS metabolite.

Urea cycle is metabolically indispensable in the elimination of unneeded nitrogen, and 

produces endogenous arginine and citrulline as the sole source outside liver. Recent studies 
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have revealed essential roles for urea cycle intermediates and related non-essential amino 

acids in cancer cells which reprogram metabolism to maximize the use of nitrogen and 

carbon [49]. In many types of tumor cells including invasive breast carcinoma, synthesis of 

arginine from citrulline via arginosuccinase synthase and arginosuccinase lyase is silenced 

or deficient [49–51]. Thus, it is possible that metabolic alterations with these amino acids 

can be indicative of a cell’s transformation to a malignant state or responses to activation of 

specific oncogenes. In particular, arginine depletion by myeloid-derived suppressor cells in 

breast cancer patients has been shown to play a critical role promoting tumor growth and 

metastasis via suppressing activated T cells [52]. These suppressor cells produce arginase 1 

and NO synthase 2 metabolizing arginine to citrulline and nitric oxide, which also plays an 

important role in cytotoxicity and vasodilatation in cancer [53, 54]. Supplementation of 

arginine was able to enhance immune response and inhibit tumor growth in mice [55]. 

Therefore, the depletion of arginine (Figure 4B) and increased level of citrulline 

(Supplemental Table S2) with high EtFOSAA exposure was consistent with our previous 

finding highlighting a clear relationship between perinatal exposure to EtFOSAA and breast 

cancer risk in the CHDS cohort [14]. Further study that includes assessment of offspring 

health outcomes is needed to validate the role of this metabolic alteration in linking perinatal 

EtFOSAA exposure to breast cancer

Perhaps the more direct impact of maternal metabolic alteration is on fetal development via 

disruption of intrauterine environmental nutrition [56]. Although our study did not assess 

metabolic profiles or health status in the offspring, our findings provide information on the 

changes of intrauterine environment that further affects the fetal development. For example, 

arginine is nutritionally essential for embryonic survival, fetal and neonatal growth [57]. Due 

to increasing demand by the growing fetus, pregnancy is relatively susceptible to arginine 

deficiency [57]. Maternal deficiency of arginine causes intrauterine growth restriction and 

supplementation of arginine has shown benefits in pregnancy outcomes, premature neonate 

survival and enhanced immune function [57–59]. As growing evidence supports the recent 

theory of “fetal origins of adult disease” and the link of fetal growth restriction to abnormal 

mammary gland development is now established [11, 60, 61], our finding calls for more 

studies to identify the molecular mechanism of nutritional programming of fetal 

development and its long-term health consequences.

The association of PFOS exposure with and BCAA pathways and carnitine shuttle 

metabolites was indicative of effects on energy metabolism [44]. It has been shown that 

PFOA lowered carnitine concentration and increased acyl-carnitine levels while upregulating 

carnitine shuttle enzymes in human liver cell line [23]. In renal tubular epithelial cells, 

carnitine was able to alleviate PFOS–induced fibrosis [62]. The elevation of carnitine and 

the related metabolites could reflect either mitochondrial dysfunction [34, 46–48], or an 

adaptive change to disturbed lipid metabolism. PFOS is known to activate peroxisome 

proliferator activated receptor alpha (PPARα), an important transcription factor regulating 

lipid and carbohydrate metabolism, and cause metabolic alteration in fatty acid and 

cholesterol [2, 63–66]. Considering the importance of carnitine in fatty acid metabolism, 

more research is warranted to understand the contribution of carnitine interference with 

PFOS toxicity.
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The opposite effects of PFOS and EtFOSAA on urea cycle and non-essential amino acids 

are interesting and suggest crosstalk between amino acid and lipid metabolism in response to 

environmental exposure. Concomitant to the impact of PFOS exposure on fatty acid and 

carbohydrate metabolism, enzymes in urea cycle including arginosuccinase synthase were 

also affected by PFOS in primary rat and human hepatocytes [67]. In a parallel analysis of 

the CHDS cohort, we have found perinatal exposure to EtFOSAA was associated with 

increase in breast cancer risk in contrast to the negative association with PFOS. We also 

found that maternal perinatal cholesterol level modified these associations [14]. This 

evidence supports the theory that lipid regulation may indicate and/or influence development 

of cancer cells [68]. It highlights that the interplay among different metabolic components is 

critical in developmental toxicity caused by environmental exposure. Another possible 

confounding factor is dietary effect on metabolomics as the subjects were not fasted for 

serum collection, which may decrease the sensitivity of statistical testing. Our past research 

showed comparable levels of nutritional metabolites in two different cohorts (fasting vs non-

fasting) [69]. Others have shown similar reliability of measuring serum sugars and amino 

acids in fasting and non-fasting samples over time [70], thus we assumed that the effect of 

this potential confounder was minor.

In conclusion, this study of a pregnancy population shows that HRM is able to inform 

dysregulation of maternal endogenous metabolism and in utero environment associated with 

PFOS and EtFOSAA exposure. The results showed differential metabolic effects associated 

with PFOS and its precursor in urea cycle and amino acid metabolism, which may reflect an 

interference by lipid metabolism. Whereas our study was limited by the lack of assessment 

of offspring health outcomes, as the first proof-of-concept study, the metabolic associations 

represent an important first step in identifying how PFAS alters in utero environment and 

potentially leads to disease risk. MWAS of the EtFOSAA/PFOS ratio also suggests the 

metabolic alterations of EtFOSAA can be a reproducible and relatively unique marker 

discriminating recent active exposure. Future studies are needed on how these changes, in 

addition to transplacental and lactational PFAS exposure, can affect the metabolome of both 

the mother and the fetus and predispose both to future disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Distribution of serum EtFOSAA (A), PFOS (B) concentrations and the ratio of EtFOSAA to 

PFOS (C) in 397 subjects from the Child Health and Development Studies (CHDS) cohort, 

visualized by histogram and density curves.
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Figure 2. 
Metabolome-wide association study (MWAS) of serum EtFOSAA (A), PFOS (B) and the 

EtFOSAA/PFOS ratio (C) in 397 subjects from the CHDS cohort. Type 1 Manhattan plot for 

–log P vs m/z features and type 2 Manhattan plot for –log P vs retention time with C18 

chromatography separation are presented left and right, respectively. Red indicates positive 

correlation between significant features (P < 0.05) and exposure; blue indicates negative 

correlation.
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Figure 3. 
Metabolic pathways enriched by significant features associated with EtFOSAA, PFOS 

concentrations and the EtFOSAA/PFOS ratio. Size of circles is proportional to the overlap 

size (i.e. number of significant metabolites in each pathway). Major pathways (≥ 6 

metabolites) are circled in black outline.
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Figure 4. 
Key metabolites in two major common pathways associated with EtFOSAA and PFOS 

exposure. A: Heat map of quartile average abundance of metabolites significantly associated 

with the EtFOSAA/PFOS ratio. Metabolites in glycine, serine and threonine metabolism 

pathway and urea cycle pathway are annotated. The metabolites here are annotated by 

accurate mass (5 ppm, details in Supplemental Table S2), and selected metabolites were 

further confirmed by authentic chemical standards (arginine, lysine, creatine, creatinine, β-

alanine). B: Colors are coded by significance of the association (t statistics) showing 

differences in metabolic responses associated with the exposure (left to right: EtFOSAA, 

PFOS and the EtFOSAA/PFOS ratio).
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Figure 5. 
Levels of selected carnitine-related metabolite in CHDS subjects categorized by quartile 1, 

2, 3 and 4 of PFOS serum levels. A: Protein N6,N6-dimethyl-lysine; B: carnitine; C: 

clupanodonyl carnitine; D: tetracosapentaenyl carnitine. The metabolites here are annotated 

by accurate mass (5 ppm, details in Supplemental Table S2), and carnitine was further 

confirmed by authentic chemical standards. *P < 0.05, #P =0.07, by student’s t test 

compared to quartile 1 (Q1).
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