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Supplemental Materials 

 

Quantification of Urinary Bisphenols and Phthalate Metabolites 

During the second trimester of pregnancy (mean = 17.0 weeks of gestation), women provided non-fasting urine 

samples. Using methods previously described, samples were quantitatively analyzed for total bisphenol A (BPA) and 

total bisphenol S (BPS) concentrations at the University of Alberta [1,2]. Sterile cups were used to collect the samples, 

which were then aliquoted directly into cryovials, and stored at -80°C. For sample preparation, aliquots of urine (400 μL) 

were spiked with 100 ng/mL isotope-labeled BPA (10 μL) and mixed with 1 M ammonium acetate (200 μL), which 

contained 1 μL of β-glucuronidase and sulfatase aqueous solution (≥ 100,000 units/mL; Sigma, St. Louis, MO) for 

deconjugation of phase II metabolites. These were incubated overnight at 37°C, and then 1 M formic acid (390 μL) was 

added to achieve a final volume (1 mL) for analysis. Potential contamination was assessed in field blanks (n = 20) using 

liquid chromatography-grade water, but no contamination was detected above laboratory blanks. Total urinary BPA and 

total urinary BPS concentrations were quantified using the Orbitrap Elite analyzer (Thermo Fisher Scientific, California, 

USA) to perform online solid-phase extraction (SPE) in conjunction with high-performance liquid chromatography (LC)-

 



high resolution mass spectrometry (MS). The limits of detection (LODs) of total BPA and total BPS were 0.32 and 0.10 

μg/L, respectively. Urinary creatinine was analyzed in corresponding aliquots.  

Maternal non-fasting urine samples were also quantitatively analyzed for 12 phthalate metabolites. A per previous 

protocol, this analysis was conducted at the Alberta Centre for Toxicology [3,4]. The 12 phthalate metabolites quantified 

were: mono-methyl phthalate (MMP), mono-ethyl phthalate (MEP), mono-n-butyl phthalate (MBP), mono-isobutyl 

phthalate (MiBP), mono-benzyl phthalate (MBzP), mono (2-ethylhexyl) phthalate (MEHP), mono (2-ethyl-5-

hydroxyhexyl) phthalate (MEHHP), mono (2-ethyl-5-carboxypentyl) phthalate (MECPP), mono (2-ethyl-5-oxohexyl) 

phthalate (MEOHP), mono-carboxy-isooctyl phthalate (MCOP), mono-carboxy-isononyl phthalate (MCNP), mono-

isononyl phthalate (MNP), mono-cyclohexyl phthalate (MCHP), and mono-n-octyl phthalate (MOP). Two metabolites, 

MCHP and MOP, were excluded from the statistical analysis due to low detection frequency (< 50%). The metabolites 

were separated on a 100 x 2.1 mm BetaSil Phenyl Column (Thermo Scientific, Burlington, Ontario, Canada) using an 

Agilent 1200 HPLC system (Agilent Technologies, LabX, Mississauga, Ontario, Canada). This separation was conducted 

using a constant column temperature (40°C) and injection volume (10 μL). The metabolites were detected using the 

QTRAP 5500 system (AB Sciex, Concord, Ontario, Canada). Metabolites were identified using negative multiple reaction 



monitoring (MRM; i.e., two MRM transitions at the correct retention time). All metabolites had LODs of 0.10 μg/L. Four 

metabolites, MEHP, MEHHP, MECPP, and MEOHP were grouped together as the molar sum of di(2-ethylhexyl) 

phthalate (ΣDEHP); these four metabolites and four additional metabolites, MBzP, MCOP, MCNP, and MNP, were 

grouped together as the molar sum of high molecular weight phthalates (ΣHMWPs). Four metabolites, MMP, MEP, MBP, 

and MiBP were grouped together as the molar sum of low molecular weight phthalates (ΣLMWPs). 
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Figure S1. Histogram with kernel density plot of epigenetic age acceleration values estimated from the Pediatric-Buccal-
Epigenetic (PedBE) clock for the entire sample (n = 224). The dashed line displays the mean, which is centered at 
approximately zero. 

 

 

 



 
Figure S2. Kernel density plot of epigenetic age acceleration values estimated from the Pediatric-Buccal-Epigenetic 
(PedBE) clock for female infants (green) and male infants (purple). The dashed lines display the means for female infants 
(green line) and for male infants (purple line). 

 



 

 

Figure S3. Univariate exposure-response functions of log2-transformed prenatal bisphenol and phthalate exposures and 
epigenetic age acceleration in female infants (n = 103). Associations between each exposure and EAA are plotted while 
fixing the other exposures at their 50th percentile (95% CIs are shown in grey). 

 



Note. BPA = bisphenol A; BPS = bisphenol S; MMP = mono-methyl phthalate; MEP = mono-ethyl phthalate; MiBP = mono-
isobutyl phthalate; MBP = mono-n-butyl phthalate; MEHHP = mono (2-ethyl-5-hydroxyhexyl) phthalate; MECPP = mono 
(2-ethyl-5-carboxypentyl) phthalate; MEOHP = mono (2-ethyl-5-oxohexyl) phthalate; MBzP = mono-benzyl phthalate; 
MCOP = mono-carboxy-isooctyl phthalate; MCNP = mono-carboxy-isononyl phthalate; MEHP = mono (2-ethylhexyl) 
phthalate; MNP = mono-isononyl phthalate 
 

  



Figure S4. Univariate exposure-response functions of log2-transformed prenatal bisphenol and phthalate exposures and 
epigenetic age acceleration in male infants (n = 118). Associations between each exposure and EAA are plotted while 
fixing the other exposures at their 50th percentile (95% CIs are shown in grey). 

 

Note. BPA = bisphenol A; BPS = bisphenol S; MMP = mono-methyl phthalate; MEP = mono-ethyl phthalate; MiBP = mono-
isobutyl phthalate; MBP = mono-n-butyl phthalate; MEHHP = mono (2-ethyl-5-hydroxyhexyl) phthalate; MECPP = mono 
(2-ethyl-5-carboxypentyl) phthalate; MEOHP = mono (2-ethyl-5-oxohexyl) phthalate; MBzP = mono-benzyl phthalate; 



MCOP = mono-carboxy-isooctyl phthalate; MCNP = mono-carboxy-isononyl phthalate; MEHP = mono (2-ethylhexyl) 
phthalate; MNP = mono-isononyl phthalate 
 
 
  



Figure S5. Overall effects (95% CIs) of the mixture of endocrine-disrupting chemicals on EAA in female infants (n = 103) 
using Bayesian kernel machine regression (BKMR) when all the exposures in the mixture at specific percentiles were 
compared to all the exposures at their 50th percentile. 

 

 



Note. Model was adjusted for the following covariates: second trimester urinary creatinine, maternal education, maternal 
marital status, maternal age, infant gestational age at birth, infant birthweight, and infant age at sample collection. 
 

 

  



Figure S6. Overall effects (95% CIs) of the mixture of endocrine-disrupting chemicals on EAA in male infants (n = 118) 
using Bayesian kernel machine regression (BKMR) when all the exposures in the mixture at specific percentiles were 
compared to all the exposures at their 50th percentile. 

 

Note. Model was adjusted for the following covariates: second trimester urinary creatinine, maternal marital status, 
annual household income, maternal age, maternal pre-pregnancy body mass index (BMI), infant gestational age at birth, 
infant birthweight, and infant age at sample collection.  



Figure S7. Participant flow diagram. 
 

 

 

 

 

 

 

 

 

 

 

 

 
  

APrON Study Cohort (N = 2,189) 

Study Sample (n = 224) 

Maternal-child pairs where: 
• Mothers provided a spot urine sample during the second trimester of pregnancy 
• Mothers did not report smoking, consuming alcohol, or receiving steroids during 

pregnancy 
• Infants provided a buccal epithelial cell (BEC) sample at 3-months of age 

Sub-group with female infants (n = 103) Sub-group with male infants (n = 121) 



Figure S8. Directed acyclic graph (DAG) to depict the prior knowledge about pathways related to the research questions. 
The solid lines illustrate the links between variables included in the models. The dashed line indicates a possible indirect 
link (not tested). 
 

 
 
  



Table S1. Geometric means (GMs) of the bisphenol, phthalate molar sums, and phthalate metabolite concentrations in 
maternal second trimester urine samples for the sub-groups stratified by infant sex. 
 Female infants (n = 103) Male infants (n = 121) P-valuea 

Chemical GM GM  

Bisphenols (μg/L) 

BPAb 1.59 1.21 0.11 

BPSc 0.179 0.155 0.30 

Phthalate Molar Sums (μmol/L) 

ΣLMWPsd 0.471 0.615 0.35 

ΣHMWPsi 0.191 0.160 0.05* 

ΣDEHPj 0.0909 0.0733 0.03* 

Phthalate Metabolites (μg/L) 

MMPe 2.26 2.31 0.94 

MEPf 48.4 68.3 0.40 

MiBPg 9.43 9.69 0.40 

MBPh 17.3 16.6 0.33 

    



    

MEHPk 4.01 3.03 0.02* 

MEHHPl 12.1 9.88 0.03* 

MECPPm 16.6 14.0 0.06 

MEOHPn 9.89 8.08 0.04* 

MBzPo 7.21 7.61 0.92 

MCOPp 13.1 11.2 0.87 

MCNPq 1.04 0.923 0.29 

MNPr 3.84 3.21 0.92 

a p-values for F statistics from one-way analyses of variance (ANOVAs) for differences between sub-groups on continuous 
chemical concentrations (based on arithmetic means). 
bBPA = bisphenol A  
cBPS = bisphenol S  
dΣLMWPs = molar sum of low molecular weight phthalate metabolites; μmol/L; includes MMP, MEP, MiBP, and MBP 
eMMP = mono-methyl phthalate 
fMEP = mono-ethyl phthalate 
gMiBP = mono-iso-butyl phthalate 
hMBP = mono-n-butyl phthalate 
iΣHMWPs = molar sum of high molecular weight phthalate metabolites; μmol/L; includes MEHP, MEHHP, MEOHP, 
MECPP, MBzP, MCOP, MCNP, MNP 
jΣDEHP = molar sum of di(2-ethylhexyl) phthalate metabolites; μmol/L; includes MEHP, MEHHP, MEOHP, and MECPP 
kMEHP = mono(2-ethylhexyl) phthalate 



lMEHHP = mono(2-ethyl-5-hydroxyhexyl) phthalate 
mMECPP = mono(2-ethyl-5-carboxypentyl) phthalate 
nMEOHP = mono(2-ethyl-5-oxohexyl) phthalate 
oMBzP = mono-benzyl phthalate 
pMCOP = mono-carboxy-octyl phthalate 
qMCNP = mono-carboxy-isononyl phthalate 
rMNP = mono-isononyl phthalate  



Table S2. Posterior inclusion probabilities (PIPs) for inclusion in the EAA model for female infants (n = 103) using 
Bayesian kernel machine regression (BKMR). 

Chemical Groupa Group PIP Conditional PIP 

BPAb 1 0.94 0.99 

BPSc 1 0.94 0.01 

MMPd 2 0.42 0.22 

MEPe 2 0.42 0.45 

MiBPf 2 0.42 0.20 

MBPg 2 0.42 0.13 

MEHPh 3 0.45 0.15 

MEHHPi 3 0.45 0.12 

MECPPj 3 0.45 0.21 

MEOHPk 3 0.45 0.13 



MBzPl 3 0.45 0.11 

MCOPm 3 0.45 0.12 

MCNPn 3 0.45 0.06 

MNPo 3 0.45 0.12 

 

agroups included in the hierarchical BKMR; the first group included 2 bisphenols, the second group included 4 low 
molecular weight phthalate metabolites, and third group included the 8 high molecular weight phthalate metabolites 
bBPA = bisphenol A 
cBPS = bisphenol S 
dMMP = mono-methyl phthalate 
eMEP = mono-ethyl phthalate 
fMiBP = mono-iso-butyl phthalate 
gMBP = mono-n-butyl phthalate 
hMEHHP = mono(2-ethyl-5-hydroxyhexyl) phthalate 
iMECPP = mono(2-ethyl-5-carboxypentyl) phthalate 
jMEOHP = mono(2-ethyl-5-oxohexyl) phthalate 
kMBzP = mono-benzyl phthalate 
lMCOP = mono-carboxy-octyl phthalate 
mMCNP = mono-carboxy-isononyl phthalate 
nMEHP = mono(2-ethylhexyl) phthalate 
oMNP = mono-isononyl phthalate 
Note. Model was adjusted for the following covariates: second trimester urinary creatinine, maternal education, maternal 
marital status, maternal age, infant gestational age at birth, infant birthweight, and infant age at sample collection. 



Table S3. Posterior inclusion probabilities (PIPs) for inclusion in the EAA model for male infants (n = 118) using Bayesian 
kernel machine regression (BKMR). 

Chemical Groupa Group PIP Conditional PIP 

BPAb 1 0.37 0.58 

BPSc 1 0.37 0.42 

MMPd 2 0.27 0.22 

MEPe 2 0.27 0.23 

MiBPf 2 0.27 0.37 

MBPg 2 0.27 0.19 

MEHPh 3 0.31 0.10 

MEHHPi 3 0.31 0.14 

MECPPj 3 0.31 0.13 

MEOHPk 3 0.31 0.12 



MBzPl 3 0.31 0.12 

MCOPm 3 0.31 0.13 

MCNPn 3 0.31 0.12 

MNPo 3 0.31 0.13 

 

agroups included in the hierarchical BKMR; the first group included 2 bisphenols, the second group included 4 low 
molecular weight phthalate metabolites, and third group included the 8 high molecular weight phthalate metabolites 
bBPA = bisphenol A 
cBPS = bisphenol S 
dMMP = mono-methyl phthalate 
eMEP = mono-ethyl phthalate 
fMiBP = mono-iso-butyl phthalate 
gMBP = mono-n-butyl phthalate 
hMEHHP = mono(2-ethyl-5-hydroxyhexyl) phthalate 
iMECPP = mono(2-ethyl-5-carboxypentyl) phthalate 
jMEOHP = mono(2-ethyl-5-oxohexyl) phthalate 
kMBzP = mono-benzyl phthalate 
lMCOP = mono-carboxy-octyl phthalate 
mMCNP = mono-carboxy-isononyl phthalate 
nMEHP = mono(2-ethylhexyl) phthalate 
oMNP = mono-isononyl phthalate 



Note. Model was adjusted for the following covariates: second trimester urinary creatinine, maternal marital status, 
annual household income, maternal age, maternal pre-pregnancy body mass index (BMI), infant gestational age at birth, 
infant birthweight, and infant age at sample collection. 

 

  



Table S4. Robust regression models, adjusted for infant sex, examining the associations between log2-transformed 
prenatal bisphenol and phthalate exposures and infant epigenetic age acceleration (EAA) as estimated by the Pediatric-
Buccal-Epigenetic (PedBE) clock in the entire sample (n = 224). 

Chemical PedBE EAA 

B (95% CI) 

Bisphenols (μg/L) 

BPAa 0.67 (0.29, 1.03)** 

BPSb −0.02 (−0.40, 0.37) 

Phthalate Molar Sums (μmol/L) 

ΣLMWPsc −0.07 (−0.43, 0.28) 

ΣHMWPsh 0.05 (−0.45, 0.56) 

ΣDEHPi −0.09 (−0.55, 0.37) 

Phthalate Metabolites (μg/L) 

MMPd −0.10 (−0.57, 0.36) 

MEPe −0.08 (−0.34, 0.19) 

MiBPf −0.02 (−0.50, 0.46) 

MBPg 0.01 (−0.51, 0.53) 

  

  



MEHPj −0.06 (−0.43, 0.32) 

MEHHPk −0.09 (−0.54, 0.37) 

MECPPl −0.05 (−0.53, 0.43) 

MEOHPm −0.11 (−0.58, 0.37) 

MBzPn 0.10 (−0.33, 0.52) 

MCOPo 0.00 (−0.25, 0.35) 

MCNPp −0.08 (−0.41, 0.25) 

MNPq −0.01 (−0.28, 0.26) 

** q ≤ 0.05 
** q < 0.10 
aBPA = bisphenol A  
bBPS = bisphenol S  
cΣLMWPs = molar sum of low molecular weight phthalate metabolites; μmol/L; includes MMP, MEP, MiBP, and MBP 
dMMP = mono-methyl phthalate 
eMEP = mono-ethyl phthalate 
fMiBP = mono-iso-butyl phthalate 
gMBP = mono-n-butyl phthalate 
hΣHMWPs = molar sum of high molecular weight phthalate metabolites; μmol/L; includes MEHP, MEHHP, MEOHP, 
MECPP, MBzP, MCOP, MCNP, and MNP 
 iΣDEHP = molar sum of di(2-ethylhexyl) phthalate metabolites; μmol/L; includes MEHP, MEHHP, MEOHP, and MECPP 
jMEHP = mono(2-ethylhexyl) phthalate 
kMEHHP = mono(2-ethyl-5-hydroxyhexyl) phthalate 
lMECPP = mono(2-ethyl-5-carboxypentyl) phthalate 
mMEOHP = mono(2-ethyl-5-oxohexyl) phthalate 



nMBzP = mono-benzyl phthalate 
oMCOP = mono-carboxy-octyl phthalate 
pMCNP = mono-carboxy-isononyl phthalate 
qMNP = mono-isononyl phthalate  
  



Table S5. Sex-stratified robust regression models examining the associations between log2-transformed prenatal 
bisphenol and phthalate exposures and infant epigenetic age acceleration (EAA) as estimated by the Horvath pan-tissue 
epigenetic clock. 

 Female infants (n = 103) Male infants (n = 121) 

Chemical EAA 

B (95% CI) 
EAA 

B (95% CI) 

Bisphenols (μg/L) 

BPAa 0.003 (−0.05, 0.05) −0.12 (−0.05, 0.06) 

BPSb 0.02 (−0.03, 0.07) 0.02 (−0.03, 0.07) 

Phthalate Molar Sums (μmol/L) 

ΣLMWPsc −0.04 (−0.09, 0.02) 0.03 (−0.01, 0.08) 

ΣHMWPsh −0.03 (−0.09, 0.04) 0.01 (−0.06, 0.08) 

ΣDEHPi −0.04 (−0.09, 0.02) 0.01 (−0.06, 0.07) 

Phthalate Metabolites (μg/L) 

MMPd −0.02 (−0.08, 0.04) −0.002 (−0.07, 0.06) 

MEPe −0.02 (−0.05, 0.02) 0.02 (−0.01, 0.05) 

MiBPf −0.02 (−0.10, 0.05) 0.01 (−0.05, 0.07) 



MBPg −0.05 (−0.12, 0.02) 0.05 (−0.02, 0.11) 

MEHPj −0.04 (−0.08, 0.01) 0.01 (−0.05, 0.06) 

MEHHPk −0.03 (−0.09, 0.02) 0.01 (−0.06, 0.08) 

MECPPl −0.03 (−0.09, 0.03) −0.004 (−0.07, 0.06) 

MEOHPm −0.03 (−0.09, 0.03) 0.01 (−0.06, 0.07) 

MBzPn 0.004 (−0.05, 0.06) 0.02 (−0.04, 0.08) 

MBzPo −0.04 (−0.09, 0.01) −0.01 (−0.05, 0.04) 

MCOPp −0.02 (−0.07, 0.02) −0.02 (−0.06, 0.02) 

MCNPq −0.04 (−0.07, −0.01)** −0.01 (−0.04, 0.03) 

** q > 0.05 
aBPA = bisphenol A  
bBPS = bisphenol S  
cΣLMWPs = molar sum of low molecular weight phthalate metabolites; μmol/L; includes MMP, MEP, MiBP, and MBP 
dMMP = mono-methyl phthalate 
eMEP = mono-ethyl phthalate 
fMiBP = mono-iso-butyl phthalate 
gMBP = mono-n-butyl phthalate 
hΣHMWPs = molar sum of high molecular weight phthalate metabolites; μmol/L; includes MEHP, MEHHP, MEOHP, 
MECPP, MBzP, MCOP, MCNP, and MNP 
iΣDEHP = molar sum of di(2-ethylhexyl) phthalate metabolites; μmol/L; includes MEHP, MEHHP, MEOHP, and MECPP 
jMEHP = mono(2-ethylhexyl) phthalate 



kMEHHP = mono(2-ethyl-5-hydroxyhexyl) phthalate 
lMECPP = mono(2-ethyl-5-carboxypentyl) phthalate 
mMEOHP = mono(2-ethyl-5-oxohexyl) phthalate 
nMBzP = mono-benzyl phthalate 
oMCOP = mono-carboxy-octyl phthalate 
pMCNP = mono-carboxy-isononyl phthalate 
qMNP = mono-isononyl phthalate  
 


