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Abstract

Background: Human and animal exposure to bisphenol A (BPA) has been associated with 

adverse developmental and reproductive effects. The molecular mechanisms by which BPA 

exposure exerts its effects are not well-understood, even less known about its analogues 

bisphenol F (BPF). To address these knowledge gaps, we conducted an untargeted metabolome-

wide association study (MWAS) to identify metabolic perturbations associated with BPA/BPF 

exposures in a pregnant African American cohort.
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Methods: From a subset of study participants enrolled in the Atlanta African American 

Maternal-Child cohort, we collected both urine samples, for targeted exposure assessment of BPA 

(N = 230) and BPF (N = 48), and serum samples, for high-resolution metabolomics (HRM) 

profiling (N = 230), during early pregnancy (8–14 weeks’ gestation). Using an established 

untargeted HRM workflow consisting of MWAS modeling, pathway enrichment analysis, and 

chemical annotation and confirmation, we investigated the potential metabolic pathways and 

features associated with BPA/BPF exposures.

Results: The geometric mean creatinine-adjusted concentrations of urinary BPA and BPF 

were 0.85 ± 2.58 and 0.70 ± 4.71 μg/g creatinine, respectively. After false positive discovery 

rate correction at 20 % level, 264 and 733 unique metabolic features were significantly 

associated with urinary BPA and BPF concentrations, representing 10 and 12 metabolic pathways, 

respectively. Three metabolic pathways, including steroid hormones biosynthesis, lysine and 

lipoate metabolism, were significantly associated with both BPA and BPF exposure. Using 

chemical standards, we have confirmed the chemical identity of 16 metabolites significantly 

associated with BPA or BPF exposure.

Conclusions: Our findings support that exposure to BPA and BPF in pregnant women is 

associated with the perturbation of aromatic amino acid metabolism, xenobiotics metabolism, 

steroid biosynthesis, and other amino acid metabolism closely linked to stress responses, 

inflammation, neural development, reproduction, and weight regulation.
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1. Introduction

Bisphenol A (BPA) is a chemical produced and used in high volumes in industrial processes, 

with annually consumption of approximately 7.7 million metric tons globally (Newswire, 

2016), including the synthesis of polycarbonate plastics for food and drink packaging, 

epoxy resins to coat metals, and less often the production of other resins such as polyester 

resins (Program, 2008; Program, 2010). Exposure to BPA is widespread, where ninety-three 

percent of participants in the National Health and Nutrition Examination Survey (NHANES) 

had detectable levels of BPA (NIEHS, 2020). Studies have evaluated levels of exposure 

to BPA chemicals in pregnant women finding detectable levels in almost all participants 

(Gerona et al., 2016; Machtinger et al., 2018). Evidence from epidemiological and animal 

studies implicates BPA in adverse outcomes, including effects on the brain, immune system, 

reproductive system, and metabolic processes (Rochester, 2013). Given that BPA exposure 

is prevalent in utero in developing fetuses (Ikezuki et al., 2002), many studies have reported 

a wide range of BPA-associated adverse reproductive and developmental effects, including 

endome-trial hyperplasia, miscarriages (Vandenberg et al., 2007), premature delivery, lower 

birth weight, childhood behavior and neurodevelopment (Rochester, 2013; Cantonwine 

et al., 2010; Miao et al., 2011). In particular, communities of color, especially African 

Americans (AA), are disproportionately exposed to high levels of BPA, where the median 

level of urinary BPA among black adults and children were statistically significantly higher 
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compared to non-black population (Lehmler et al., 2018). At the same time, pregnant AA 

women and their infants are more likely to have higher risk of preterm birth delivery and 

experience disproportionately high rates of low birthweight (Ahern et al., 2003; Giscombé 

and Lobel, 2005).

The occurrence of bisphenol analogues has been well-documented in environmental 

compartments (wastewater, sediments or air), foods, consumer products, and human 

specimens, which has become more prevalent, creating the need to understand their 

biological activity (Pelch et al., 2017). However, investigations involving other analogues 

are still limited. Specifically, less is known about bisphenol F (BPF) and its human 

health impact and mechanisms of action. A systematic review of 32 studies found BPF 

to have endocrine disrupting properties similar to those associated with BPA (Rochester and 

Bolden, 2015). Recent biomarker studies suggest an association between BPF and adverse 

human health effects including maternal thyroid hormone level alteration, oxidative stress, 

inflammatory response, and neurotoxic and reproductive effects (Aker et al., 2018; Aung et 

al., 2019; Ferguson et al., 2019; Santoro et al., 2019). Among these health effects, cytotoxic 

and genotoxic effects of bisphenol analogues were reported to be greater than that of BPA. 

Studies suggested that BPF was effective on HepG2 cell DNA fragmentation at noncytotoxic 

concentrations (Cabaton et al., 2009), and exhibited greater genotoxic potentials than that 

of BPA in mutant chicken DT40 cells (Lee et al., 2013). Given the existing knowledge 

about the health effects of BPA, exposure to bisphenol analogues is of particular concern 

in pregnant populations, because of the potential to impact both maternal and child health 

through endocrine-disrupting activities in an adverse manner.

Despite these epidemiological observations, detailed molecular mechanisms and endogenous 

pathways underlying the BPA/BPF toxicity on health effects have not yet been fully 

established. High-resolution metabolomics (HRM) is an innovative analytical platform 

used to explore metabolic perturbations associated with environmental exposures, with the 

capacity of detecting tens of thousands of exogenous and endogenous metabolic features 

(Chen et al., 2020; Li et al., 2021; Liang et al., 2018; Lin et al., 2006). Previously, 

several animal metabolomics studies have revealed perturbed metabolic pathways associated 

with exposures to BPA and its analogues. Aromatic amino acids, including phenylalanine, 

tyrosine, and tryptophan, have been consistently reported, suggesting a structural homology 

to bisphenol compounds. Specifically, phenylalanine and tryptophan were found to increase 

in liver of male goldfish (Jordan et al., 2012), in urine of rats (Zeng et al., 2013), in liver 

of the fetuses of female mice (Susiarjo et al., 2017), and in extracts of zebrafish after BPA 

exposures (Yoon et al., 2017). Tyrosine was found to decrease in urine of rats (Zeng et 

al., 2013) and in liver of the fetuses of female mice (Susiarjo et al., 2017). While another 

study on Daphnia magna showed decreased concentration of metabolites associated aromatic 

amino acid metabolism after BPA and its analogues exposures (Oliveira Pereira et al., 2021). 

Additionally, the disruption of xenobiotic metabolism, sterol metabolism, folate metabolism 

upon exposures to BPA/BPF at cellular level have been reported in previous studies (Hercog 

et al., 2019; Kim and Park, 2019; Wang et al., 2020). These pathways have also been 

shown to be inolved in a series of physiological processes, including oxidative stress and 

immune response, and associated with developmental and reprodutive health (Anesi et al., 

2019; Bailey et al., 2015).. However, few previous studies have used HRM to explore the 
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metabolic effects of bisphenol A and its analogues on humans (Khan et al., 2017), and none 

of studies have focused on minor groups.

To understand the full scope of potential human health effects of bisphenol analogues 

and bridge the gaps of current inconsistencies between results, it is important to conduct 

hypothesis-generating studies to identify mechanistic perturbations as the first step. We 

hypothesized that maternal BPA/BPF exposures would be associated with perturbations 

in aromatic-structure-associated pathways including sterol, aromatic amino acid, and 

xenobiotic metabolism. To address these critical knowledge gaps, we conducted the 

untargeted metabolomics analysis to examine whether prenatal maternal urine BPA and 

BPF metabolite levels are associated with perturbations in the maternal metabolome in 

the Atlanta African American Maternal-Child cohort. By revealing potential molecular 

mechanisms underlying the impact of BPA/BPF exposures on human metabolome, our 

results would ultimately provide opportunities for early detection and intervention to 

mitigate the health burden associated with BPA/BPF among this minor population.

2. Methods

Study population –

The study population is a subset of women participating in the Atlanta African American 

Maternal-Child cohort (Corwin et al., 2017; Brennan et al., 2019), which recruits pregnant 

women between 18 and 40 years of age who identify as Black or African American 

when they present for prenatal care with a singleton pregnancy between 8 and 14 weeks 

gestation (verified by medical record) to clinics of two hospitals in Atlanta, Georgia, USA: 

Grady Memorial Hospital (public county hospital) and Emory University Hospital (a private 

hospital). For the present analysis, we retrieved information on participants enrolled in 

the cohort between 2014 and 2017 with available BPA or BPF exposure measurements 

and metabolomic assessment. Specifically, 230 individuals were included with both BPA 

exposure data and maternal high-resolution metabolic profiling available. BPF levels were 

measured on a subset of 48 participants by randomly selecting from these 230 participants. 

The study was approved by the Emory University Institutional Review Board (IRB ID 

1017).

Data collection –

For the cohort study, survey and biological sample data are collected twice during 

pregnancy: at the first prenatal visit (8 to 14 gestational weeks) and the second prenatal 

visit (24 to 30 weeks). The urine samples and the blood samples were taken at the same 

time either at a clinic visit or at home. In this analysis, we focused on biological samples 

and survey data in 8–14 weeks gestation due to limited exposure data on second prenatal 

visit. Clinical data are also collected via maternal medical record abstraction after delivery. 

Measures relevant to the present analysis are described below and are described in depth 

elsewhere (Corwin et al., 2017).
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Blood sample collection –

Maternal blood samples were collected at 8–14 weeks gestation for metabolomics 

measurement in this study. After sample collection, the samples were transported to the 

laboratory, processed to obtain the serum, and stored at −80 °C for future analyses.

Survey data –

Participants complete a sociodemographic survey based on maternal self-report and prenatal 

administrative record review to ascertain information on the participants’ age upon entry into 

the study, residential address, education, income (percent of federal poverty level), insurance 

status, marital status, and substance use (tobacco, alcohol, and marijuana) (Corwin et al., 

2017).

Clinical medical record.

Medical chart abstraction is completed by the research team using a standardized chart 

abstraction tool to ascertain the following characteristics, conditions and birth outcomes: 

(1) Parity, categorized according to whether the woman had any prior birth or not and if 

prior births were term or preterm; (2) First prenatal body mass index (BMI), calculated from 

measured height and weight at the first prenatal visit between 8 and 14 weeks gestation 

and categorized according to accepted definitions (obesity ≥ 30 kg/m2, overweight 25–29.99 

kg/m2, healthy weight 18.5–24.99 kg/m2, and underweight < 18.5 kg/m2); (3) Pregnancy 

outcomes, including gestational age at birth is determined from the delivery record using 

the best obstetrical estimate (American College of Obstetricians and Gynecologists, 2014) 

based upon the date of delivery in relation to the estimated date of confinement established 

by the 8–14 week prenatal visit. All participants received early pregnancy dating by last 

menstrual period (LMP) and/or early ultrasound, given enrollment criteria. (4) Type of 

Labor (spontaneous, induced, none) and mode of delivery (vaginal, C-section) along with 

indication for induction and/or C-section are also obtained and used to phenotype birth 

outcomes.

Exposure assessment –

The exposure assessment of BPA and BPF was conducted as part of the analysis at 

the Center for Children’s Health, the Environment, the Microbiome, and Metabolomics 

(C-CHEM2). Convenience, spot, clean-catch urinary samples were collected for BPA/BPF 

measurement. We used collection material lots prescreened for contamination and laboratory 

blanks were also included that indicated no contamination. All samples were randomized 

using a Fisher-Yates shuffling algorithm prior to analysis to reduce any potential batch 

effects (Fisher and Yates, 1943; Knuth, 1997). BPX analogues (BPA/BPF) were measured 

using a modification of the method by Zhou et al (Zhou et al., 2014). Briefly, a 1-mL 

aliquot of urine was spiked with isotopically labeled analogues of the target phenols 

then was subjected to an enzyme hydrolysis to liberate glucuronide-bound conjugates. 

The hydrolysate was extracted using an ABS Elut-NEXUS solid phase extraction column, 

eluting with acetonitrile and ethyl acetate. The extract was concentrated to dryness and 

reconstituted in mobile phase for analysis using liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). Analyte concentrations were calculated using isotope dilution 
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calibration. Two quality control materials (one high and one low, one reagent blank, and 

one matrix blank sample were analyzed concurrently with each set of 24 unknown samples. 

Further quality assurance measures were included in the sample analyses including the 

analysis of NIST SRM 3672 and 3673 (one of each per 100 samples), inclusion of blinded 

quality controls (6 each of 2 materials per 100 samples), and bi-annual participation in the 

German External Quality Assessment Scheme (G-EQUAS). For values below the limit of 

detection (LODs), imputed values of LOD/√2 were used. (Hornung and Reed, 1990).

Creatinine was measured by diluting urine samples 1000-fold with water after spiking with 

its isotopically labeled analogue. Diluted samples were analyzed by liquid chromatography 

electrospray ionization coupled with tandem mass spectrometry. For creatinine, two ion 

transition were monitored (m/z 113.9 → m/z 44.2 and m/z 113.9 → 86) and only one ion 

transition was monitored for labeled creatinine (m/z 116.9 → m/z 47.2) (Kwon et al., 2012). 

Quantification was achieved using the method of isotopic dilution. Quality control/assurance 

included the concurrent measurement of calibrants, blanks and quality control materials and 

semi-annual certification by the GEQUAS program. The LODs were calculated as 3 s0. It 

was the lowest concentration where a signal-to-noise ratio was 3 when the blank level was 

zero. BPA and BPF values were then corrected using creatinine level to account for urinary 

dilution (Barr et al., 2005; O’Brien et al., 2017). Specifically, we used the standardization 

approach using the ratio of BPA/BPF concentration to the creatinine levels measured in the 

same sample. Unadjusted and creatinine-adjusted analyte concentrations were provided in 

ng/ml of urine and μg/g creatinine, respectively.

High Resolution Metabolomics –

Untargeted high-resolution metabolomics profiling was conducted at Emory Clinical 

Biomarker Laboratory using established protocol using maternal non-fasting serum samples 

(Liang et al., 2018; Go et al., 2015; Liang et al., 2019). Each serum sample were first 

treated with two sample volumes of ice-cold acetonitrile to precipitate proteins. The samples 

were then incubated on ice for 30 mins, centrifuged (at 14,000 g for 10 mins) to separate 

supernatant from precipitated proteins, and stored at 4 °C until analysis. Extractants were 

then analyzed in triplicate using liquid chromatography-high-resolution mass spectrometry 

(LC–HRMS) techniques (Dionex Ultimate 3000; ThermoFisher Orbitrap Fusion Tribrid). 

Two chromatography types were applied the hydrophilic interaction liquid chromatography 

(HILIC) (Waters XBridge BEH Amide XP HILIC column; 2.1 × 50 mm2, 2.6 μm particle 

size) with positive electrospray ionization (ESI) and reverse phase (C18) chromatography 

(Higgins Targa C18 2.1 × 50 mm2, 3 μm particle size) with negative ESI. For both types 

of chromatography, mobile phase flow rate was 0.35 mL/min for the first minute and 

increased to 0.4 mL/min for the final 4 min. Although the gradient elution starting at 60 % 

aqueous condition in C18 column might miss some metabolites, which could be separated 

between 100 % and 60 % aqueous, these metabolites are likely to be better detected in 

the HILIC column. Thus, applying two chromatography types in this study can enhance 

the coverage of metabolic feature for each sample (Go et al., 2015). Two quality control 

pooled reference plasma samples, including NIST 1950 (Simón-Manso et al., 2013) and 

pooled human plasma purchased from Equitech Bio were included at the beginning and end 

of each analytical batch for normalization, control for background noise, batch evaluation, 
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and post hoc quantification. Following instrumental analyses of all samples, raw data files 

were converted to.mzXML files using ProteoWizard (Chambers et al., 2012) and extracted 

using apLCMS with modifications by xMSanalyzer (Uppal et al., 2013; Yu et al., 2009). 

Detected signals (referred to as metabolic features) were uniquely defined by their mass-to-

charge ratio (m/z), retention time, and ion intensity. Compared to other technically advanced 

software packages, xMSanalyzer coupled with apLCMS can efficiently process large LCMS 

datasets, with several major technical improvements including the adaptive tolerance level 

searching rather than hard cutoff or binning, the use of non-parametric methods to fine-tune 

intensity grouping, the use of run filter to preserve weak signals and the model-based 

estimation of peak intensities for absolute quantification. To filter out the noise signals and 

optimize the metabolomics data quality, the data quality assurance/quality control process 

followed the same procedure as our previous studies (Go et al., 2015; Chang et al., 2021; 

Zhang et al., 2021; Tan et al., 2022; Liu et al., 2020). Only metabolic features detected in > 

15 % of serum samples with median coefficient of variation (CV) among technical replicates 

< 30 % and Pearson correlation ρ > 0.7 among 3 replicates for each sample were included 

in further analyses. The intensities of the extracted metabolic features were then averaged 

across triplicates for future statistical analyses. The intensities of metabolic features were 

log2 transformed to normalize the metabolomics data for the following analysis.

Statistical Analysis –

We analyzed the associations between BPA and BPF urine concentrations (predictor) and 

metabolic feature intensities (outcome) using generalized multivariable linear regression 

models adjusting for maternal age, infant sex, first prenatal body mass index (BMI), tobacco 

use, alcohol use, marijuana use, socioeconomic status (income, percent of federal poverty 

level), and parity. Separate models were conducted for each metabolic feature, from each 

chromatography column (serum HILIC positive ESI, and serum C18 negative ESI) – a total 

of four separate sets of models. False positive discovery rate was controlled at 20 % using 

the Benjamini-Hochberg method (FDRB-H) (Benjamin and Hochberg, 1995). The correction 

was applied separately to each set of models. R (version 4.1.2) was used for the MWAS 

analysis.

The following is the model form used in the MWAS:

Y ij = β0 + β1jBPXi + β2jSex of infanti + β3jAgei + β4jTobaccoi
+ β5jMarijuanai + β6jParityi + β7jPrenatal BMIi + β8jAlcoℎoli + β9jIncomei
+ εij

(2)

where Yij refers to the log base 2 intensity of metabolic feature j for participant i, β0 is the 

intercept, which refers to the predicted value of log base 2 intensity of metabolic feature 

when setting continuous variables to zero, and categorical variables to their corresponding 

reference groups. εij is residual random normal error, and BPXi is creatinine adjusted 

BPA or BPF concentration for participant i. The covariates that have potential to confound 

the association between urinary BPA/BPF and metabolites were controlled in the model, 

including infant sex (Sexofbabyi, categorical), maternal age (Agei, continuous), tobacco 

use during pregnancy (Tobaccoi, categorical), marijuana use during pregnancy (Marijuanai, 

categorical), parity (Parityi, continuous), first prenatal BMI (PrenatalBMIi, continuous), 
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alcohol use during pregnancy (Alcoholi, categorical) and measures of socioeconomic status 

(income- percent of federal poverty level, Incomei, categorical).

Pathway enrichment analysis and chemical annotation –

We used mummichog (v1.0.10), a statistical application leveraging the organization of 

metabolic pathways and networks to predict the functional activity without upfront chemical 

identification. Since its development in 2013, mummichog has been adopted and used 

widely in hundreds of untargeted metabolomics applications. It is effective in linking the 

observed significant m/z feature to known metabolic network database to infer functional 

activity and pathway elicitation without prior identification. Briefly, Mummichog matches 

all the possible metabolites to the significant metabolic features (m/z), and searches for the 

pathways that can be constructed by these tentative chemicals. The significance of pathways 

can then be calculated by Fisher’s exact test on the null distribution, which is estimated 

by permutation where the features were randomly drawn from the list of all the extracted 

metabolic features (Li et al., 2013). Since mummichog only uses m/z to match metabolic 

features putatively to pathways, there are inevitable chances of increased risks of false 

positive discovery. To further minimize the possibility of false positive discovery, candidate 

pathways were re-run using a subset of 6 most common forms out of the 16 standard 

adduct forms in mummichog (for HILIC positive ion mode, only the following adducts were 

considered: M[+], M + H[+], M–H2O + H[+], M + Na[+], M + K[+], M + 2H[2+], and M(C13) 

+ 2H[2+]; for C18 negative ion mode, only the following adducts were considered: M H[ ], 

M + Cl[ ], M + ACN-H[ ], M + HCOO[ ], M(C13)-H[ ], M H2O H[ ], and M + Na-2H[ ]). 

Specifically, in our analyses, each set of significant features from BPA and BPF associated 

MWAS models in the HILIC and C18 columns were used for pathway enrichment analyses. 

Due to the limited numbers of significant features detected when setting the FDR at the level 

of 5 %, which is not sufficient to conduct the pathway enrichment analysis via mummichog, 

we elected to use a less conservative corrected p-value threshold to decrease the possibility 

of false negatives. We then used the multiple testing corrected p-value at 0.2 (FDRB-H < 0.2) 

to select the significant features as the input for the pathway analysis.

Chemical annotation and confirmation were performed for metabolic features that were 

significantly associated (FDRB-H < 0.2) with BPA and/or BPF. Metabolic features were 

matched by m/z values for common adducts to the METLIN, ChemSpider, Human 

Metabolome Database, and Kyoto Encyclopedia of Genes and Genomes databases using 

a mass error threshold of 5 ppm (Uppal et al., 2013). To minimize further false positive 

matches, each matched feature was screened on their retention time, isotope patterns, and 

spectrum peak quality by examining the extracted ion chromatographs (EICs). Finally, the 

features passing the examination were annotated and confirmed using the Metabolomics 

Standards Initiative criteria described below (Schymanski et al., 2014; Sumner et al., 2007). 

The features whose m/z (±5 ppm difference), retention time (±30 s) and ion dissociation 

patterns (True peak: exhibiting clear gaussian peak shapes and signal-to-noise ratio above 

3:1) (Yu and Jones, 2014) matched the authentic compounds analyzed in our laboratory 

under identical method and instrument parameters were assigned with level 1 confidence.
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3. Results

Of the 230 participants with BPA exposure data, 86 (37.4 %) were recruited at Emory 

Midtown hospital clinics, and 144 (62.6 %) were from Grady Hospital clinics (Table 1). The 

mean age of participants was 25.8 ± 4.6 years, the mean prenatal BMI was 28.7 ± 7.1, the 

mean parity was 1.0 ± 1.0, and 38 (16.5 %) were married and 192 (83.5 %) were single. 

Among these participants, 33 (14.3 %) reported tobacco use, 17 (7.4 %) reported alcohol 

use, and 49 (21.3 %) reported marijuana use. The demographic distribution was similar for 

participants with BPF exposure data (Table 1).

The method specifications, including LOD and relative standard deviation, of analytes (BPA, 

BPF and creatinine) are provided in Supplementary Table 1. The raw and creatinine adjusted 

maternal urinary BPA/BPF concentrations among study subjects are presented in Table 2. 

Pearson correlation coefficients between adjusted BPA and adjusted BPF is −0.07 (p = 0.64). 

Both raw and creatinine adjusted BPA had a higher detection rate and higher geometric 

mean compared to BPF. The geometric mean of raw maternal urinary BPA and BPF were 

1.23 ± 2.94 ng/ml and 1.02 ± 4.61 ng/ml, respectively, and the geometric mean of creatinine 

adjusted maternal urinary BPA and BPF were 0.85 ± 2.58 μg/g creatinine and 0.70 ± 4.71 

μg/g creatinine, respectively. Maternal urinary BPF concentration varied largely than BPA 

concentration among study subjects, with the maximum value of adjusted BPF ranging up 

to 467.67 μg/g and BPA up to 72.97 μg/g. Moreover, when comparing our study population 

of AA pregnant women to the adult U.S. population from 2013 to 2014 NHANES12, the 

median of both raw and creatinine adjusted BPA levels were slightly lower in AA pregnant 

women, but with higher IQR of raw BPA levels in AA pregnant women. The median of both 

raw and creatinine adjusted BPF levels were higher in AA pregnant women. Specifically, 

when comparing to the non-Hispanic black and female population in NHANES, the median 

of both raw and creatinine adjusted BPF levels and raw BPA levels were higher in our study 

population, and the median of creatinine adjusted BPA levels were lower in AA pregnant 

women.

3.1. MWAS models

After data quality assurance and quality control, 16,481 and 13,043 metabolic features in 

HILIC positive ESI and C18 negative ESI, respectively, were included for final analyses. We 

ran four sets of MWAS models: two sets (HILIC and Reverse Phase C18) for each BPA (n 

= 230) and BPF (n = 48). For the HILIC column, the number of significant (FDRB-H < 0.2) 

features were approximately the same between BPA (Fig. 1A) and BPF (Fig. 1C) (207 vs 

268, respectively). For the C18 column, a much larger number of significant features were 

found to be associated with BPF (Fig. 1B) than BPA (Fig. 1D) and (465 vs 57, respectively). 

A summary of the FDR-corrected MWAS results can be found in Supplementary Table S2.

3.2. Pathway enrichment analysis

Pathway enrichment analyses were run separately for HILIC and C18 significant (FDRB-H < 

0.2) metabolic features. A total of 9 metabolic pathways were significantly associated with 

BPA exposure (Supplementary Table S3), including C-21 steroid hormone biosynthesis and 

metabolism, lysine metabolism, dynorphin metabolism, and lipoate metabolism. Meanwhile, 
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we also identified 9 metabolic pathways significantly associated with BPF (Supplementary 

Table S4), including xenobiotic metabolism, C-21 steroid hormone biosynthesis and 

metabolism, lipoate metabolism, and lysine metabolism. Notably, three metabolic pathways, 

C-21 steroid hormone biosynthesis and metabolism, lysine metabolism, and lipoate 

metabolism pathways, were significantly associated with both BPA and BPF exposure (Fig. 

2, Supplementary Fig. S1).

3.3. Chemical annotation and confirmation

We conducted chemical annotation and confirmation of metabolic features significantly 

associated with BPA or BPF and confirmed 16 metabolites (Table 3; Supplementary Table 

S5; Supplementary Fig. S2) with Level One evidence. Seven were associated with BPA 

exposure, and nine were associated with BPF exposure (including one feature matched 

to three metabolites), with 6 detected in the HILIC column and 10 detected in the C18 

column, respectively. Specifically, most of identified metabolic features were found to be 

positively associated with BPA, including tyramine (β = 0.16), L-carnitine (β = 0.02), 

N-acetyl-L-phenylalanine (β = 0.01), cortisol (β = 0.01) and bilirubin (β = 0.01), suggesting 

the disruption on aromatic amino acid metabolism/steroid hormone synthesis, and the 

hepatotoxicity effect of BPA. Many of the confirmed metabolites for BPF exposure are 

related to amino acid metabolism, including valine, tyramine, N-alpha-acetyl-L-asparagine, 

N-methyl-D-aspartic acid. Further, the results of enriched pathways and verified metabolites 

are closely linked and connected in an interrelated molecular network, which underlies 

the potential toxicant mechanisms and stress responses in relation to external bisphenol 

analogues exposures among pregnant AA women (Fig. 3). Specifically, the detailed 

associations of these 16 identified metabolites are provided in Supplementary Fig. S3/S4.

4. Discussion

Untargeted metabolomics is an efficient bottom-up approach to explore metabolic changes 

associated with exposure to environmental toxicants and characterize human exposures to 

environmental contaminants. In the present study, we applied HRM to assess the internal 

metabolic profiles associated with environmental toxicants from an African American 

Maternal-Child cohort in Atlanta using a cross-sectional study design. We identified 

several biological pathways and metabolites associated with BPA and BPF that are closely 

involved in various endogenous processes, including stress responses, inflammation, neural 

development, reproduction, and weight regulation. To our knowledge, this is the first 

untargeted HRM application conducted for BPA and BPF among pregnant women.

The most pronounced and consistent findings from our current analysis were that 

prenatal exposure to BPA and BPF were both associated with perturbations in several 

key metabolic pathways, including biosynthesis of steroid hormones, lysine metabolism, 

tyrosine metabolism, lipoate metabolism, and methionine and cysteine metabolism. These 

metabolic pathways have been reported to be associated with inflammatory and stress 

response, neurotoxic effects, and energy storage in other BPA/BPF exposure metabolic 

profiling studies (Khan et al., 2017; Yue et al., 2019; Hainan et al., 2020; Ji et al., 

2014; Li et al., 2018). Among these identified metabolic pathways, C21-steroid hormone 
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biosynthesis and metabolism, lysine metabolism, and lipoate metabolism were found to 

be significantly associated with both BPA and BPF exposures. Specifically, C21-steroid 

hormone biosynthesis and metabolism involves the synthesis of hormones such as 

glucocorticoids, androgens, estrogens, and progestogens, which regulate key endogenous 

processes including metabolism, stress response, sexual differentiation, and reproduction 

(Schiffer et al., 2019). We also identified cortisol, an important metabolite involved in the 

C-21 steroid biosynthesis and metabolism. Cortisol is a glucocorticoid produced by the 

adrenal glands as regulated by the hypothalamic–pituitaryadrenal (HPA) axis (Schiffer et 

al., 2019), which increases plasma cortisol in response to acute stress during antenatal 

periods (Garrud and Giussani, 2019). It has been suggested that the high maternal cortisol 

levels during intra-uterine life may have consequences to the fetal immune system (Bertram 

and Hanson, 2002), which correlate negatively with birthweight, and arise in association 

with maternal stress and malnutrition (Reynolds, 2013). In our study, cortisol was found 

to be positively associated with BPA exposure, which is consistent with a previous study 

conducted by Giesbrecht et al., where dysregulation of cortisol levels was reported to be 

associated with urinary BPA in pregnant women (Giesbrecht et al., 2016). Interestingly, 

in that same cohort of mother-infant pairs, higher maternal levels of BPA were found 

to be associated with higher signal intensity for cortisol in female infants but lower 

signal intensity for cortisol in male infants (Giesbrecht et al., 2017). Further studies are 

needed to explore the effect of infant sex on the association of BPA to cortisol to explain 

these potential underlying mechanisms. Dynorphin metabolism is another top pathway for 

BPA and it has been associated with HPA axis. Recent animal studies suggested that 

perturbations in dynorphin peptide levels may influence signaling pathways of governing 

weight (Sainsbury et al., 2007; Ghule et al., 2020).

We also observed perturbations in several amino acid, vitamin, and cofactors metabolic 

pathways, including lipoate metabolism, lysine metabolism, tyrosine metabolism, 

methionine and cysteine metabolism, and vitamin B12 (cyanocobalamin) metabolism. 

Although the evidence on metabolic perturbations associated with BPA/BPF is limited, 

these findings were consistent with existing literature. Specifically, lipoate metabolism 

and lysine metabolism are two overlapping pathways associated with both BPA and BPF. 

Changes in lipoate metabolism and lysine metabolism on gut microbiota were observed after 

exposure to BPA in rodents (Javurek et al., 2016). Animal studies showed the protective 

response of lipoic acid on BPA induced adverse effect. Lipoic acid was found to mitigate 

the oxidative damage caused by BPA in liver and ovarian tissues (Avci et al., 2016), 

lower the BPA-induced mitochondrial toxicity through antioxidant mechanism or by direct 

free radical scavenging activity (El-Beshbishy et al., 2013), and prevent the neurotoxicity 

of BPA and endocrine disruptors (Khan et al., 2018). Moreover, in a metabolic pathway 

analysis of urinary samples of female children, researchers showed that biosynthesis of 

steroid hormones and several amino acid pathways including lysine degradation and tyrosine 

metabolism were affected in highly BPA-exposed children (Khan et al., 2017). Similar 

results were shown in human hepatocarcinoma cell line where after BPA/BPF exposures, 

key metabolites in lysine metabolism such as lysine and succinate significantly decreased 

(Yue et al., 2019). Animal studies on mice and Mytilus galloprovincialis also showed 

consistent results where BPA treatment affects lysine metabolism and several amino acid 
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metabolites including lysine and tyrosine (Ji et al., 2014). Additionally, we observed 

metabolic perturbations in sulfur-containing amino acids pathways such as methionine 

and cysteine metabolism. Methionine and cysteine metabolism plays an important role in 

biological growth and redox balance, and it has been reported the significant changes in 

sulfur-containing amino acids after BPA exposure (Wang et al., 2018). Taken together, the 

prenatal exposure to bisphenol may be associated with a series of endogenous and metabolic 

response in reaction to the external stress (Fig. 3). The steroid hormone metabolism and 

dynorphin metabolism function under the regulation of HPA axis and collectively produce 

the endocrine molecules to regulate the downstream biological processes that are closely 

related to inflammation, placental condition, neural development, and fetal health. The 

concurrent response of a series of amino acid metabolism and derivatives of amino acid 

metabolites also play an important role in stress response and are potentially related to some 

health effects of pregnant women under BPA/BPF toxicity.

Importantly, we confirmed the chemical identifies of numerous metabolites enriched within 

these pathways and most of these metabolites exhibited positive associations with BPA/BPF 

exposures. In particular, tyrosine metabolism, one of the aromatic amino acid metabolisms, 

is the top pathway that enriched with most of these identified metabolites. Specifically, we 

observed a positive association between BPA and tyramine, which can cause the reactive 

oxidative species (ROS) formation inside mitochondria and act as a source of oxidative 

damage to mitochondrial DNA (Farooqui and Farooqui, 2016). Imbalance in levels of 

tyramine has been reported to be associated with Parkinson’s disease, depression, migraines, 

and increased blood pressure (Dhakal and Macreadie, 2020). Accumulating evidence 

suggests that early life exposure to BPA impacts neural development. Maternal BPA 

exposure during gestation is associated with hyperactivity and aggression in two-year-old 

girls (Braun et al., 2009) and with anxiety and depression in 3-year-old girls (Braun et al., 

2011). Harley et al. reported that prenatal urinary BPA concentrations were associated with 

increased internalizing problems in boys. (Harley et al., 2013) These observed associations 

may contribute to revealing the potential mechanisms underlying the impact of prenatal BPA 

exposures on early neurodevelopment. We also identified 4-hydroxyphenylacetate, another 

metabolite enriched in tyrosine metabolism and positively associated with BPF, which is a 

downstream product of tyrosine. Evidence showed that higher maternal BPA during early to 

mid-pregnancy increased the levels of oxidized tyrosine moieties (Veiga-Lopez et al., 2015), 

which can lead to high oxidant rates, such as inflammation and be associated with preterm 

birth related diseases, such as perinatal asphyxia (Groenendaal et al., 2006), or chronic 

hypoxia (Escobar et al., 2013). It provides evidence of the induction of nitrosative stress by 

prenatal bisphenol analogues in pregnant mothers and further affect the offspring health.

We also confirmed the chemical identities of N-acetyl or N-methyl derivatives of 

several amino acids, including N-acetyl-L-phenylalanine, N-acetyl-D-galactosamine, 4-

hydroxyphenylacetate, and N-methyl-D-aspartic acid. It has been noted that BPA exposure 

affects the alanine, aspartate, and glutamate metabolism in Sprague–Dawley (SD) rats, 

by the downregulation of N-acetyl-l-phenylalanine (Mao et al., 2021). The N-acetyl-l-

phenylalanine is a hazardous amphipathic metabolite of phenylalanine, and higher levels 

of phenylalanine appears to exist in large amounts of patients with phenylketonuria 

(Wang et al., 2014). Elevated levels of phenylalanine and N-acetyl-L-phenylalanine have 
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been reported in Alzheimer’s disease (AD) samples, which indicate that dysregulated 

phenylalanine metabolism may be an important pathogenesis for AD pathology formation 

(Liu et al., 2021). Phenylacetic acid is another identified chemical enriched in phenylalanine 

metabolism and positively associated with BPF exposures. It can promote ROS generation, 

stimulating secretion of tumor necrosis factor (TNF-α), one of the inflammatory cytokines, 

in human aortic endothelial cells in vitro (Pontiki and Hadjipavlou-Litina, 2018). We also 

identified bilirubin, a metabolite enriched in vitamins and cofactors metabolic pathway, and 

observed a positive association between bilirubin and BPA. Serum bilirubin has antioxidant 

properties and may serve as a biomarker of oxidative stress (Sedlak and Snyder, 2004), and 

the moderate levels of serum bilirubin can reduce free radicals in cells and prevent oxidative 

stress–related diseases, including coronary artery disease and myocar-dial infarction (Lin et 

al., 2006). Low levels of bilirubin were associated with poor maternal and infant outcomes 

in women diagnosed with pre-eclampsia (Breslin et al., 2013). Thus, the positive association 

we observed may be explained by the antioxidant effect of bilirubin to compensate for the 

oxidative effect of BPA, which may result in the low level of bilirubin in late pregnancy 

and further lead to the poor maternal and infant outcomes. We also identified the significant 

perturbation in vitamin B12 (cyanocobalamin) metabolism associated with BPF exposure, 

indicating the similar perturbation pattern of bisphenol analogues. Taken together, these 

results further support the potential oxidative stress effect of bisphenol analogues.

Additionally, we identified an exogenous metabolite associated with BPF exposures: 2-

aminophenol. 2-aminophenol is an organic chemical compound that is usually found in 

cosmetics and personal care products and was found to be positively associated with BPF. 

This association may be explained by the usage of industrial and consumer products, as 

exposure to bisphenol analogues has been reported to associated with the use of cosmetics 

and related personal products (Mok et al., 2021).

4.1. Strengths and limitations

The strengths of our study include the use of targeted exposure assessment on urinary BPA 

and BPF and the application of novel HRM analysis to investigate the potential mechanisms 

underlying the toxicities of BPA and BPF on maternal metabolome among participants in 

the Atlanta African American Maternal-Child cohort. Through the metabolic profiling of 

disproportionately exposed environmental toxicants on AA pregnant women, it can provide 

us opportunities for future studies to develop early detection and reduce the related health 

burden among this minor population. Moreover, in this first MWAS study of BPA and BPF, 

we detected numerous significant metabolic perturbations in biological pathways associated 

with exposure to BPA and BPF. To minimize the risk of risk of false positive discovery, 

we took multiple approaches in the MWAS study, including rigorous controlling of multiple 

comparison bias, systematic chemical identification, and validation with reference standards. 

Specifically, we confirmed and verified 16 metabolites with Level One evidence, which 

were closely linked and connected in several inflammation, oxidative stress, and endocrine 

disruption related pathways.

Despite these promising findings, there are several limitations in this analysis. First, the 

sample size of the BPF analysis (n = 48) is limited since we conducted the analysis 
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based upon the availability of bio-specimens with both untargeted metabolomics and 

targeted BPF measurements. This is a common challenge in proof-of-concept environmental 

metabolomics applications, and this study was a hypothesis-generating study for exploratory 

purpose. While there might be a risk of selection bias, we have compared the demographic 

pattern in the BPF analysis (n = 48, which is a subset of the participants with BPA 

measurements) to the BPA analysis (n = 230) and there were no statistically significant 

differences in any demographic characteristics or behavior risk factors (p > 0.05), including 

age, BMI, parity, infant sex, education, and substance use. Nevertheless, given the 

hypothesis-generating nature of the analysis, caution shall be taken when interpreting the 

study findings on the potential effects of BPA and BPF exposure on maternal metabolome 

that will need to be validated by future large-scale hypothesis testing studies. Second, we 

found more significant features associated with BPF, even with relatively smaller sample 

size compared to BPA. To minimize the potential impact of false positive, we used a 

multiple comparison correction to control false discovery rate at 20 % on MWA model 

result. Furthermore, BPF levels have much larger variances and wider range than BPA 

levels among study subjects, and such wider contrast of exposure levels may result in 

the larger difference detected in maternal metabolome, and thus more significant features 

could be detected to be associated with BPF. Third, due to the cross-sectional nature of the 

associations between BPA/BPF concentrations and metabolomic features, it is difficult to 

determine causal relationships. The single spot urine samples of exposures and one time 

point measurement of metabolomics may not reflect the long-term exposure status and limit 

the interpretation of metabolic changes associated with BPA/BPF during late pregnancy. 

However, given the exploratory nature of the study, these results will provide valuable 

insights and opportunities for future studies to develop sensitive biomarkers of BPA/BPF 

associated maternal perturbation during pregnancy. Moreover, since only BPA and BPF were 

included in the present study, it is possible that other bisphenol analogues, such as bisphenol 

S (BPS), or co-exposed chemicals may also yield similar results, and thus, it would be 

important to repeat these analyses for other bisphenol analogues that are commonly used in 

future analysis. Although we controlled for several important confounding factors, including 

age, infant sex, BMI, socioeconomic status (i.e., education level), and some behavioral risk 

factors (tobacco use, marijuana use and alcohol use), dietary variables were not considered 

in this study and non-fasting status may introduce measurement variation. Adjusting for 

more variables might cause issues of overadjustment. Also, we used pool standards and 

internal references in the metabolic profiling and followed a comprehensive metabolomics 

workflow to minimize the potential impact of non-fasting status, which has been shown to 

successfully analyze many non-fasting samples previously (Go et al., 2015). Finally, the 

findings from this pregnant African American women cohort might reduce generalizability 

to a broader population.

5. Conclusions

During pregnancy, the developing fetus undergoes critical stages of development and 

are exposed to toxicants passing through the placenta. Compounds such as BPA and 

BPF that may have systemic effects and perturb metabolic pathways could have adverse 

downstream health effects. In this first metabolome-wide association study of BPA/BPF, we 
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demonstrated that urinary BPA/BPF levels were associated with perturbations in biological 

pathways closely linked to inflammation, oxidative stress, and endocrine disruption. We 

also confirmed the chemical identity of 16 metabolites significantly associated with 

BPA or BPF exposure with Level One evidence, which are closely linked to stress 

responses, inflammation, neural development, reproduction, and weight regulation. These 

findings support future hypothesis-testing investigations on potential molecular mechanisms 

underlying the impact of maternal bisphenol exposures on adverse health outcomes. It is 

also important to consider compounding effects of these metabolic changes in mothers 

and children in addition to the already disproportionate health burden facing by African 

American populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Significant metabolic features associated with bisphenol A (BPA) and bisphenol F (BPF). 

Red dots represent the features that were positively associated with BPA/BPF and blue dots 

represent the metabolic features that were negatively associated with BPA/BPF. Dashed line 

is the threshold −log10 (FDRB-H < 0.2). Note: Some metabolites identified in later chemical 

annotation and confirmation are labelled in the plots.
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Fig. 2. 
Significant metabolic pathways associated with bisphenol A (BPA) and/or bisphenol F 

(BPF).
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Fig. 3. 
Potential molecular mechanisms underlying the effects of bisphenol analogues toxicity 

on pregnant women. Molecules in red denoted the metabolites confirmed and positively 

associated with BPA/BPF. Molecules in blue denoted the metabolites confirmed and 

negatively associated with BPA/BPF. Acronym: ROS, reactive oxygen species; NMDA: 

N-methyl-D-aspartic acid; HPA axis: hypothalamic-pituitaryadrenal axis.
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Table 1

Demographic characteristics of study population.

Characteristic Level BPA Subset BPF Subset

N 230 48

Age, years (mean (SD)) 25.8 (4.6) 24.9 (3.7)

Sex of Infant (%)* Female 113 (47.4) 19 (39.6)

Male 108 (47.0) 27 (56.3)

Parity (%) 0 95 (41.3) 24 (50.0)

1 67 (29.1) 13 (27.1)

≥ 2 68 (29.6) 11 (22.9)

First Prenatal BMI, kg/m2 (mean (SD)) 28.7 (7.1) 28.8 (8.2)

Marital Status (%) Single 192 (83.5) 45 (93.8)

Married 38 (16.5) 3 (6.2)

Education (%) 8th grade or less 3 (1.3) 1 (2.1)

Some high school 33 (14.3) 5 (10.4)

Graduated high school 98 (42.6) 20 (41.7)

Some college or technical school 57 (24.8) 19 (39.6)

Graduated college 24 (10.4) 3 (6.2)

Some graduate work or degree 15 (6.5) 3 (6.2)

Income, percent of federal poverty level (FPL) (%) <150 % FPL 149 (64.8) 32 (66.7)

Between 150 % and 300 % FPL 36 (15.7) 11 (22.9)

>300 % FPL 45 (19.6) 5 (10.4)

Tobacco Use (%) No 197 (85.7) 41 (85.4)

Yes 33 (14.3) 7 (14.6)

Alcohol Use (%) No 213 (92.6) 45 (93.7)

Yes 17 (7.4) 3 (6.3)

Marijuana Use (%) No 181 (78.7) 41 (85.4)

Yes 49 (21.3) 7 (14.6)

Other Drug Use (%) No 227 (98.7) 48 (100.0)

Yes 3 (1.3) 0 (0.0)

*
Some do not total to 100% due to missing data.
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