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Abstract

Background Acetaminophen is a commonly used medication by pregnant women and is known to cross the
placenta. However, little is known about the biological mechanisms that regulate acetaminophen in the develop-
ing offspring. Cytochrome 2E1 (CYP2E1) is the primary enzyme responsible for the conversion of acetaminophen

to its toxic metabolite. Ex vivo studies have shown that the CYP2ET gene expression in human fetal liver and placenta
is largely controlled by DNA methylation (DNAmM) at CpG sites located in the gene body of CYP2ET at the 5'end. To
date, no population studies have examined the association between acetaminophen metabolite and fetal DNAm

of CYP2ET at birth.

Methods We utilized data from the Boston Birth Cohort (BBC) which represents an urban, low-income, racially

and ethnically diverse population in Boston, Massachusetts. Acetaminophen metabolites were measured in the cord
plasma of newborns enrolled in BBC between 2003 and 2013 using liquid chromatography-tandem mass spectrom-
etry. DNAm at 28 CpG sites of CYP2ET was measured by lllumina Infinium MethylationEPIC BeadChip. We used linear
regression to identify differentially methylated CpG sites and the “DiffVar” method to identify differences in methyla-
tion variation associated with the detection of acetaminophen, adjusting for cell heterogeneity and batch effects. The
false discovery rate (FDR) was calculated to account for multiple comparisons.

Results Among the 570 newborns included in this study, 96 (17%) had detectable acetaminophen in cord plasma.
We identified 7 differentially methylated CpGs (FDR < 0.05) associated with the detection of acetaminophen

and additional 4 CpGs showing a difference in the variation of methylation (FDR < 0.05). These CpGs were all located
in the gene body of CYP2ET at the 5'end and had a 3-6% lower average methylation level among participants

with detectable acetaminophen compared to participants without. The CpG sites we identified overlap with previ-
ously identified DNase hypersensitivity and open chromatin regions in the ENCODE project, suggesting potential
regulatory functions.

Conclusions In a US birth cohort, we found detection of cord biomarkers of acetaminophen was associated
with DNAm level of CYP2ET in cord blood. Our findings suggest that DNA methylation of CYP2ET may be an important
regulator of acetaminophen levels in newborns.
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Background

Acetaminophen, also known as paracetamol, is the most
widely used over-the-counter analgesic and antipyretic
medication in pregnant women worldwide. In the USA,
over 65% of pregnant women reported any use of aceta-
minophen during pregnancy, and 48% reported the use
of acetaminophen in the third trimester [1]. Existing
literature has shown transplacental passage of acetami-
nophen and its metabolites to the developing offspring
after maternal use [2—-4]. However, little is known about
the biological processes that regulate acetaminophen lev-
els in the offspring.

Acetaminophen metabolism mainly occurs in the liver
through the pathways illustrated in Fig. 1. Approximately
85% of acetaminophen conjugates with glucuronic and
sulfuric acid, and forms non-toxic metabolites (acetami-
nophen glucuronide and acetaminophen sulfate, respec-
tively) [5, 6]. A small proportion of acetaminophen
(up to 5%) remains unchanged and excreted by urine
[5, 6]. Up to 10% of acetaminophen undergoes phase I
oxidation and forms N-acetyl-p-benzoquinone imine

CHy

™
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(NAPQI), a toxic metabolite that can cause cell injury [5,
6]. Cytochrome 2E1 (CYP2E1), encoded by the CYP2E1
gene, is the primary enzyme responsible for the meta-
bolic conversion of acetaminophen to NAPQI [5, 6]. In
an experimental study, CYP2EI knockout mice were
considerably less sensitive to the hepatotoxic effects of
acetaminophen [7], suggesting a potential positive corre-
lation between CYP2EI expression and acetaminophen.
Multiple ex vivo studies have shown that the expression
of CYP2E] in developing human tissues, including fetal
liver [8, 9] and placenta [10], is primarily controlled by
DNA methylation at CpG sites located in the gene body
of CYP2E] at the 5’ end.

Given the central role of CYP2EL in acetaminophen
toxicity and the well-established evidence for the meth-
ylation regulation of CYP2EI expression, we sought to
examine whether perinatal exposure to acetaminophen
is associated with DNA methylation level at the CYP2EI
gene in cord blood. We use unified DNA methylation and
empiric metabolite measures of acetaminophen at the
time of birth to facilitate the evaluation of the specific
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Fig. 1 Pathways for acetaminophen metabolism. Acetaminophen metabolizes in liver through three main pathways: glucuronidation (shown
in purple), sulfation (shown in green) and phase | oxidation (shown in red). Cytochrome P450 2E1 (CYP2ET) is the primary enzyme responsible
for the bioconversion of acetaminophen to N-acetyl-p-benzoquinone imine (NAPQI) through the Phase | oxidation pathway. The chemical
structures of the metabolites were obtained from The Human Metabolome Database (HMDB) (http://hmdb.ca)
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hypothesis that DNA methylation at CpG sites located in
the gene body of CYP2E] at the 5’ end is associated with
acetaminophen metabolites levels in the cord blood of
newborns from a population-based cohort.

Results

Detection of acetaminophen biomarkers in cord plasma

A total of 570 participants were included in the cur-
rent study. Acetaminophen, acetaminophen glucuro-
nide and 3-(N-acetyl-L-cysteine-S-yl)-acetaminophen
were detected in 16.8%, 17.5% and 28.9% of the cord
plasma samples, respectively. Distributions of the raw
intensities from liquid chromatography-tandem mass
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spectrometry (LC-MS) and the corresponding back-
ground noise levels are shown in Additional file 1:
Fig. 1. We observed high detection agreement among
the three acetaminophen biomarkers measured. Among
samples with detectable acetaminophen, 92% also had
detectable acetaminophen glucuronide and 95% had
detectable 3-(N-acetyl-L-cysteine-S-yl)-acetaminophen.

Characteristics of study participants

Table 1 shows the characteristics of study participants,
by detection of acetaminophen. Overall, 66% of the
participants had a non-Hispanic black mother, 28% had
a Hispanic mother, and 6% had a non-Hispanic white

Table 1 Maternal and child characteristics, by detection of acetaminophen

Variable

Detection of acetaminophen in cord plasma (n=570) P-value

No. not detected

No. detected

Number of participants 474 (83.2%)
Male 261 (55.1%)
Maternal race/ethnicity

Non-Hispanic white 27 (5.7%)

Non-Hispanic black

322 (67.9%)

Hispanic 125 (26.4%)
Gestational age at birth in weeks, mean (SD) 38.79 (2.20)
Preterm birth (gestational age < 37 weeks) 69 (14.6%)
Birth weight in kilograms, mean (SD) 3.14 (0.64)
Low birth weight (birth weight <2500 g) 81 (17.1%)
Parity: primiparous 199 (42.0%)
Cesarean section 147 (31.0%)
Intrauterine inflammation 44 (9.3%)

Maternal education

High school or less

312 (65.8%)

Some college 105 (22.2%)

College degree or above 57 (12.0%)
Maternal marital status: not married 310 (65.4%)
Maternal age in years at delivery, mean (SD) 28.34 (6.56)
Any maternal smoking during pregnancy 91 (19.2%)
Any maternal alcohol use during pregnancy 34 (7.2%)
Maternal diabetes mellitus

Chronic diabetes 19 (4.0%)

Gestational diabetes 33 (7.0%)

No diabetes 422 (89.0%)
Maternal preeclampsia or HELLP syndrome 29 (6.1%)
Maternal pre-pregnancy BMI, mean (SD) 26.65 (6.25)
Maternal stress level during pregnancy

Not stressful 186 (39.2%)

Average
Very stressful

205 (43.2%)
83 (17.5%)

96 (16.8%)

54 (56.2%) 0.92
0.03

9 (9.4%)

52 (54.2%)

35 (36.5%)

37.75(3.18) <0.001

31(32.3%) <0.001

296 (0.78) 0.02

19 (19.8%) 0.63

53 (55.2%) 0.02

36 (37.5%) 0.26

26 (27.1%) <0.001
0.90

65 (67.7%)

21 (21.9%)

10 (10.4%)

69 (71.9%) 0.27

27.65 (6.61) 0.35

20 (20.8%) 0.82

12 (12.5%) 0.12
0.03

10 (10.4%)

6 (6.2%)

80 (83.3%)

22 (22.9%) <0.001

26.57 (6.11) 0.91
0.60

33 (34.4%)
43 (44.8%)
20 (20.8%)

Bold values indicate statistical significance with an alpha level less than 0.05

SD standard deviation, BMI body mass index, HELLP hemolysis, elevated liver enzymes and low platelets. Data are presented as number (percentage) of individuals
unless otherwise indicated. P-values were obtained using Pearson x tests for categorical variables and Student's t test for continuous variables
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mother. We observed higher proportions of Hispanic
mother and non-Hispanic white mother and a lower
proportion of non-Hispanic black mother among par-
ticipants with detectable cord acetaminophen than
the not detected group. In addition, participants with
detectable acetaminophen in cord plasma had lower
gestational age at birth, lower birthweight and were
more likely to have primiparous parity, maternal
chronic diabetes, maternal preeclampsia and intrau-
terine inflammation, compared to participants without
detectable acetaminophen in cord plasma.
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CYP2E1 methylation level differs among offspring

with detectable acetaminophen

Results of adjusted linear regression models to test
for differential methylation between participants with
and without detectable acetaminophen level at each
of the 28 CpGs tested at the CYP2EI gene locus are
shown in Table 2. We identified 7 CpGs showing sig-
nificant differences in DNA methylation levels associ-
ated with the detection of acetaminophen in cord blood
at an FDR threshold of 0.05. Adjusted linear regression
models to test for differential methylation associated
with detection of each of the other two acetaminophen

Table 2 Results of adjusted linear regression models testing for differential methylation

CpG site %Difference (95% Cl)  P-value (robust) FDR Genomic Gene Name Feature category® Relation to CpG Island

in DNAm: comparing coordinate

detected group with (GRCh37/hg19)

not detected group
cg13315147  —4.34% (-7.9%, —0.8%) 9.84E—04* 0.028 chr10:135341528  CYP2ET Body Island
cg05473257 —4.71% (—8.6%, —0.9%) 3.43E-03 0.038 chri10:135341443 CYP2ET Body Island
€g23400446 —4.31% (—7.9%,—0.7%) 4.09E-03 0.038 chr10:135342560 CYP2ET Body Island
cg05194426  —5.77% (—10.6%, —1%) 9.85E—03 0.045 chr10:135343193  CYP2E] Body South Shore
€cg19469447 —3.98% (—7.2%,—-0.7%) 1.01E-02 0.040 chr10:135341870 CYP2ET Body Island
€g10862468 —3.76% (—6.9%, —0.6%) 1.12E-02 0.045 chr10:135342218  CYP2E] Body Island
€g25330361 —3.56% (—6.2%, —0.9%) 7.69E-03 0.045 chr10:135342413 CYP2ET Body Island
cg03134882 —3.95% (-7.3%,—0.6%) 1.80E-02 0.063 chr10:135341463 CYP2ET Body Island
€g19571004 —1.26% (—2.5%, 0%) 2.88E-02 0.086 chr10:135340850  CYP2ET TSS200 North Shore
cg00321709 —5.75% (= 10.2%, —1.3%) 3.08E-02 0.086 chr10:135341933 CYP2ET Body Island
€g19721068  0.91% (—0.2%, 2%) 4.60E-02 0.117  chr10:135346592 CYP2E1 Body Open sea
cg11445109 —2.98% (—6%, 0%) 531E-02 0.124  chr10:135343248 CYP2ET Body South Shore
€g18984983 —3.21% (-5.8%, —0.6%) 9.61E-02 0.207 chr10:135342936 CYP2ET Body South Shore
€g24530264 —3.14% (- 5.6%, —0.7%) 1.14E-01 0228 chr10:135342620  CYP2ET] Body South Shore
cg00436603 0.62% (—0.6%, 1.8%)  2.98E-01 0.557 chr10:135340740 CYP2ET TSS200 North Shore
€g26065573  0.44% (—0.2%, 1%) 3.48E-01 0609 chr10:135339469  CYP2ET TSS1500 North Shore
€g09208540 —0.19% (—0.6%, 0.3%)  4.07E-01 0.671 chr10:135340467 CYP2ET TSS1500 North Shore
€g21024264 —0.55% (—1.9%,0.8%)  4.65E-01 0.686 chr10:135341025 CYP2ET 1stExon North Shore
cg07381788 —0.15% (—0.8%, 0.5%)  4.60E—01 0686 chr10:135340445  CYP2ET TSS1500 North Shore
€g01355198 —0.09% (-0.6%, 0.4%)  5.04E-01 0.706  chr10:135347330 CYP2ET Body Open sea
€g05417377  0.18% (= 0.9%, 1.3%)  6.17E-01 0.823 chr10:135350807  CYP2E] Body Open sea
€g16538390 —0.15% (—0.8%, 0.5%)  6.89E-01 0.838 chr10:135344917 CYP2E1 Body South Shelf
€g14250048 —0.02% (— 1%, 1%) 6.86E-01 0.838 chr10:135340785 CYP2E1 TSS200 North Shore
cg01465364 —0.06% (—1.3%,1.1%)  847E-01 0949 chr10:135340721 CYP2ET TSS200 North Shore
€g10986462 0.46% (—1.4%, 2.3%)  8.34E-01 0.949 chr10:135340539 CYP2E1 TSS1500 North Shore
€g19837601  0.09% (—1.3%, 1.5%)  891E-01 0960 chr10:135340871 CYP2ET,CYP2ET  5'UTR;1stExon North Shore
cg08472147 0.03% (— 1%, 1%) 9.67E-01 0.994 chr10:135340583 CYP2E1 TSS1500 North Shore
cg00720244  0.06% (—0.4%,0.5%)  9.94E-01 0994 chr10:135347434  CYP2ET Body Open sea

Results are shown at each of the 28 CpGs located in CYP2ET, between participants with (n=96) and without (n=474) acetaminophen detection, sorted by P-value

DNAm DNA methylation, FDR false discovery rate, chr chromosome. Difference in percent DNAm was calculated from adjusted linear regression models with DNAm
beta value as the dependent variable. P-value and FDR were obtained from adjusted linear regression models with DNAm M-value as the dependent variables. The

P-values are the original P-values before adjustment for multiple testing. CpG sites with P-value <1.79x 10~

3 (Bonferroni corrected threshold) were marked with

asteroid (*). CpG sites with FDR < 0.05 were bolded. Covariates are child sex, delivery type, parity, gestational age, birthweight, maternal age, maternal marital status,
prenatal smoking, prenatal alcohol use, intrauterine inflammation, preeclampsia, diabetes mellitus, maternal stress, estimated cell types and 2 surrogate variables.
2Gene element type obtained from UCSC database: TSS, transcription start site; TSS200, 200 bases from TSS; TS$1500, 1500 bases from TSS; UTR, untranslated region
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metabolites (acetaminophen glucuronide detection and
3-(N-acetyl-L-cystein-S-yl)-acetaminophen)  showed
similar results detection (Additional file 1: Tables 1 and
2). In all 7 of the differentially methylated CpGs, par-
ticipants with detectable acetaminophen had a lower
DNA methylation level on average compared to partici-
pants without detectable acetaminophen (Fig. 2). The
top signal was found at cgl3315147 (p=9.84x107%,
FDR=0.028) which also reached a conservative Bon-
ferroni significance threshold (p=1.79x107%). At this
CpG, the mean DNA methylation level was 4.34% (95%
CI: 0.8%, 7.9%) lower in the group exposed to aceta-
minophen. Among the differential methylated CpGs,
6 CpGs were located at CpG island, and 1 CpG was
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located within 2 kilobases downstream from the CpG
island at the shore region (Table 2).

As a sensitivity analysis, we further adjusted for mater-
nal race and ethnicity in the linear regression models
to evaluate whether this variable may explain the asso-
ciations found in the main analysis. The results did not
change after the further adjustment, suggesting that the
association between cord acetaminophen and methyla-
tion at CYP2EI was unlikely driven by maternal race or
ethnicity (Additional file 1: Table 3).

A previous study reported that maternal gestational
diabetes was associated with lower cord blood methyla-
tion level at the CYP2E] [11]. Although maternal diabetes
status (chronic vs. gestational vs. no diabetes) has been
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adjusted as a covariate in the main analysis to account
for the potential confounding effect, we performed addi-
tional sensitivity analysis to make sure our results were
not driven by data from a small proportion of partici-
pants with maternal gestational diabetes. In the subgroup
of participants without maternal gestational diabetes
exposure (n=531), methylation levels at the 7 differen-
tially methylated CpGs were still significantly lower in
participants with detectable acetaminophen than those
without, and the effect sizes remained similar (Additional
file 1: Table 4). These results suggested that the asso-
ciation between cord acetaminophen and methylation at
CYP2E1 was unlikely to be driven by gestational diabetes.
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Methylation variation at CYP2E1 and acetaminophen
detection

Results from adjusted statistical models to test for differ-
ences in methylation variation related to acetaminophen
detection at each of the 28 CpGs in CYP2EI are shown
in Table 3. We identified 5 CpGs showing different vari-
ability in methylation levels associated with the detec-
tion of acetaminophen in cord blood at an FDR threshold
of 0.05. Among them, 4 CpGs also passed a conserva-
tive Bonferroni significance threshold (p<1.79x1073).
At all 5 CpGs, the variance in methylation levels was
smaller among participants with detectable cord aceta-
minophen than those without. The top signal was found

Table 3 Results of adjusted models testing for differences in methylation variation

CpG site Sample Log Difference  P-value FDR  Genomic Gene Name Feature Relation to
variance variance in Levene’s  (robust) coordinate category® CpG Island
ratio Residuals (GRCh37/hg19)

€g24530264 0.888 -0.303 -0.179 2.70E-04*  0.008 chr10:135342620 CYP2E] Body South Shore
€g18984983 1.004 -0.364 -0.168 9.94E-04* 0.012 chr10:135342936  CYP2E] Body South Shore
cg00321709 1.115 —0.260 —-0.180 1.58E-03* 0.012 chr10:135341933  CYP2ET Body Island
cg03134882 0.805 —0.145 -0.126 1.68E-03* 0.012 chr10:135341463 CYP2ET Body Island
€g19469447 1.296 —0.142 —-0.140 4.07E-03 0.023 chr10:135341870  CYP2E] Body Island
cg13315147 0818 -0.119 -0.097 1.70E-02 0.079 chr10:135341528 CYP2E] Body Island
cg05473257 1.327 -0.116 -0.108 2.69E-02 0.108 chr10:135341443  CYP2E] Body Island
€g25330361 0516 -0214 —0.095 3.75E-02 0.131  chr10:135342413  CYP2E] Body Island
€g23400446 1423 —0.090 —0.090 1.00E-01 0312  chr10:135342560 CYP2E] Body Island
€g21024264 0.139 0.245 0.041 142E-01 0.398  chr10:135341025 CYP2E] 1stExon North Shore
€g26065573  0.081 -0.241 -0.028 1.64E-01 0410 chr10:135339469 CYP2E] TSS1500 North Shore
cg09208540 0.034 0.162 0019 1.76E-01 0410 chr10:135340467  CYP2E] TSS1500 North Shore
cg07381788 0.063 —0.121 —0.021 2.58E-01 0.555  chr10:135340445 CYP2E] TSS1500 North Shore
cg11445109 1.201 -0.144 -0.074 3.12E-01 0.595 chr10:135343248  CYP2E] Body South Shore
cg01355198  0.065 —-0.120 —-0.019 3.19E-01 0.595 chr10:135347330  CYP2E] Body Open Sea
cg19837601 0.104 0.031 0.022 391E-01 0.685 chr10:135340871  CYP2EI,CYP2ET  5'UTR;1stExon  North Shore
cg10862468 0.578 0016 —-0.035 4.17E-01 0.687 chr10:135342218  CYP2E] Body Island
cg05417377 0.074 0.100 0.015 442E-01 0.687  chr10:135350807 CYP2E] Body Open Sea
cg08472147 0.046 -0.070 -0.011 5.04E-01 0.719  chr10:135340583  CYP2E] TSS1500 North Shore
€g10986462 0.241 0.068 —0.031 5.14E-01 0719 chr10:135340539  CYP2E] TSS1500 North Shore
cg00720244 0.063 -0.114 -0.010 5.93E-01 0.790 chr10:135347434  CYP2E] Body Open Sea
cg19721068 0.107 —0.440 -0.0M1 6.81E-01 0867 chr10:135346592  CYP2E] Body Open Sea
cg14250048 0.115 -0.225 0.007 7.84E-01 0954 chr10:135340785 CYP2E] 755200 North Shore
cg00436603 0.104 -0.019 —-0.003 9.04E-01 0973  chr10:135340740 CYP2EI] TSS200 North Shore
€g16538390 0.038 0.098 —-0.001 9.35E-01 0973  chr10:135344917  CYP2ET Body South Shelf
€g19571004 0.162 0.076 -0.002 9.46E-01 0973  chr10:135340850 CYP2EI] TSS200 North Shore
cg05194426 1.161 0.023 0.002 9.72E-01 0973 chr10:135343193  CYP2ET Body South Shore
cg01465364 0.113 —-0.006 0.001 9.73E-01 0973  chr10:135340721  CYP2EI] TSS200 North Shore

Results are shown at each of the 28 CpGs located in CYP2E1, between participants with (n=96) and without (n=474) acetaminophen detection, sorted by P-value

DNAm DNA methylation, FDR false discovery rate, chr chromosome. The P-values are the original P-values before adjustment for multiple testing. CpG sites with
P-value < 1.79x 1073 (Bonferroni corrected threshold) were marked with asteroid (¥). CpG sites with FDR < 0.05 were bolded. Covariates are child sex, delivery type,
parity, gestational age, birthweight, maternal age, maternal marital status, prenatal smoking, prenatal alcohol use, intrauterine inflammation, preeclampsia, diabetes
mellitus, maternal stress, estimated cell types and 2 surrogate variables. °Gene feature category of CpG sites obtained from UCSC database: TSS, transcription start site;
TSS200, 200 bases from TSS; TSS1500, 1500 bases from TSS; UTR, untranslated region
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at ¢g24530264 (p=2.70x10"*, FDR=0.008) where the
variance of methylation M-value in the detected group
was 0.73 times the variance in the not detected group
(log variance ratio=—0.303). Among the variably meth-
ylated CpGs, 3 were located at a CpG island and 2 were
located within 2 kilobases downstream from the CpG
island (Table 3). As shown in Fig. 2, the average DNA
methylation level at the 5 variably methylated CpGs was
also lower among participants with detectable acetami-
nophen compared to participants without detectable
acetaminophen. Similar results were observed for the
other 2 acetaminophen metabolites measured (Addi-
tional file 1: Tables 5 and 6).

Further adjustment for maternal race and ethnicity in
the statistical models did not change the results (Addi-
tional file 1: Table 7). Sensitivity analyses among the
subgroup of participants without maternal gestational
diabetes (7=531) remained the same (Additional file 1:
Table 8). These results suggested that our findings of vari-
able methylation at CYP2EI associated with the detec-
tion of acetaminophen were not driven by maternal race,
ethnicity or gestational diabetes.

Figure 3 visualizes the gene annotations and DNA
methylation levels at CYP2E] genomic region. The CpGs
where DNA methylation showed significant mean shift
or different variation are located at a known CpG island
in the UCSC database (chrl0: 135341256-135342561,
GRCh37/hgl9) or within 1 kilobase downstream from
the island. The mean DNA methylation levels at these
sites (mean beta-value: 0.15-0.35) were lower than
the levels at surrounding CpG sites (mean beta value:
0.60—0.90). The CpG sites showed differential or variably
methylation span from the 1*! intron to the 2nd intron of
CYP2EI and overlap with DNase hypersensitive regions
and an open chromatin region identified by experimental
data from the ENCODE project [12].

Discussion

In this sample of 570 children representing an urban,
low-income, multi-racial ethnic population from Bos-
ton, we found that perinatal acetaminophen exposure,
detected via cord plasma metabolites, was associated
with lower DNA methylation levels at several CpG sites
located in the 5’ region of CYP2EI. Many of these CpG
sites locate within the first intron region of CYP2EI
where demethylation is known to be associated with
higher CYP2E]I transcription in fetal liver and placenta
[8—10]. In addition, we observed less variation in meth-
ylation levels at multiple CpG sites of CYP2E] among
neonates with detectable levels of acetaminophen at
birth compared to those without. The CpG sites we iden-
tified are in close proximity to one another and overlap
with known DNase hypersensitivity and open chromatin
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regions. This evidence further supported that the CpG
sites are likely to have important roles in the epigenetic
regulation and transcriptional activation of CYP2E]L.

Notably, at all the CpG sites showing a significant dif-
ference in methylation variation, we also observed a
lower average methylation level among neonates with
an acetaminophen detection than neonates without. The
%difference in methylation at these sites was comparable
to those at differentially methylated CpG sites (Fig. 2).
Linear regression assumes equal variance (i.e., the vari-
ance of dependent variable is constant at any level of an
independent variable). However, at the CpGs we identi-
fied as variably methylated, the assumption of equal vari-
ance was not met. To address this concern, we performed
an ad hoc analysis using weighted linear regression to test
for differential methylation. The results remain largely
unchanged.

Moreover, we observed a larger sample variance of
methylation at the differential and/or variably methyl-
ated CpGs (located at CpG island or South Shore) com-
pared to the surrounding CpGs (Table 3), suggesting that
DNA methylation at these sites is likely under the influ-
ence of some upstream factors, either environmental or
genetic, and their interactions. A previous study found
that genetic polymorphism can affect the methylation
level of CYP2EI in newborns [13]. It is possible that the
association between acetaminophen and CYP2EI DNA
methylation varies by genotype, particularly at CpG sites
with different DNA methylation variance. Unfortunately,
we were unable to directly assess this aspect as genetic
data are not currently available for this analysis, which we
recognize as a limitation. Further studies should incorpo-
rate genetic data to gain further insight into the complex
interplay between genetics, acetaminophen exposure and
DNA methylation in relation to CYP2E] regulation.

Acetaminophen has a relatively short half-life, about
3—4 h, in pregnant women [14]. In this study, we meas-
ured acetaminophen exposure in cord plasma, which
captured maternal acetaminophen use shortly before
delivery. The expression of CYP2E1 protein in the human
fetal liver starts as early as in the second trimester, and
the expression level increases in the third trimester and
perinatal period [15]. Before the end of the second tri-
mester, fetal liver has no or little expression of CYP2E1 as
a result of DNA methylation at the 5’ end of CYP2EI [8,
15]. Therefore, we postulate that late pregnancy to deliv-
ery might be the critical time window for in-utero aceta-
minophen exposure to influence fetus through CYP2E1
expression. Determining the relevant exposure window
of prenatal acetaminophen, if it exists, will be highly valu-
able for improving current clinical recommendations.

Previous EWAS has scanned the genome to identify
CpG sites showing differential methylation in cord blood
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[16, 17] and placenta [18] related to prenatal exposure
to acetaminophen. However, they did not identify CpG
sites in CYP2E]I, after correcting for multiple compari-
sons. Several major differences between our study and
the previous EWAS, including study design, characteris-
tics of participants, exposure measurement method and
timing, and biospecimen type could potentially explain

the inconsistency. Additionally, previous EWAS studies
are likely still underpowered to detect the methylation
changes at CYP2E] associated with acetaminophen expo-
sure. In fact, at all the CpG@ sites of CYP2E1 we identified
in the study, the directions of effect are consistent with
the results from the placenta EWAS [18] in extremely low
gestational age newborns.
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In a review article [19], it is highlighted that various
prenatal exposures are associated with small-magnitude
DNA methylation changes, often below 5%. Importantly,
these changes have been consistently replicated across
different populations and over time. In the current study,
we observed DNA methylation differences between the
groups with detectable and undetectable acetaminophen
levels at multiple CpG sites, with effect sizes ranging
from 3 to 6%. Significantly, these CpG sites are physically
adjacent to each other and overlap with regions of DNase
hypersensitivity and open chromatin in the 5 region of
CYP2E] (Fig. 3), which are known to be involved in the
transcriptional regulation of the gene [8—10]. Therefore,
despite their small effect sizes, we believe that these
observed associations are likely to have downstream bio-
logical impacts. It is important to note that in our study,
DNA methylation was measured in cord blood, which
represents a bulk tissue comprising multiple cell types. It
is possible that one or a few cell types within cord blood
undergo a large methylation shift at those CpGs; how-
ever, the large effects were diluted on the tissue level due
to the small proportions of the relevant cell types. To gain
further insights and identify the relevant cell types, stud-
ies incorporating improved cell-type resolution in DNA
methylation measurements are warranted.

A major strength of our study is the use of rich empiric
molecular data obtained from BBC participants, which
allowed us to evaluate the association between an objec-
tive measure of acetaminophen exposure, i.e., cord
plasma metabolite measures, and CYP2EI cord blood
DNA methylation measures. The objectively measured
acetaminophen biomarkers were less prone to measure-
ment errors due to inaccurate self-report and were able
to capture acetaminophen exposure during a specific
short time window before delivery.

We observed significant differences in maternal preg-
nancy conditions and birth outcomes between individu-
als with detectable and undetectable acetaminophen
metabolites in cord blood. Specifically, mothers of neo-
nates with detectable acetaminophen showed a higher
prevalence of intrauterine inflammation, characterized
by common symptoms such as intrapartum maternal
fever [20], and preeclampsia, indicated by symptoms like
severe headache and epigastric pain [21]. These preg-
nancy conditions are known risk factors for preterm birth
and low birth weight [22, 23], which may explain the sig-
nificant differences in these birth outcomes between the
acetaminophen groups. These observations underscore
the importance of carefully considering potential con-
founding by indication in our analysis. To address this
concern, we adjusted for relevant maternal clinical vari-
ables during pregnancy, aiming to minimize the poten-
tial impact of confounding. Furthermore, we conducted
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sensitivity analysis and observed similar changes in
methylation among newborns whose mother did not
have gestational diabetes. This suggested that the results
were not driven by residual confounding due to gesta-
tional diabetes, a pregnancy condition that has been pre-
viously associated with CYP2EI DNA methylation [11].
However, it is important to acknowledge that despite our
best efforts, unmeasured confounding remains a poten-
tial limitation due to the inherent nature of observational
data in this study.

Existing literature has shown that decrease in DNA
methylation at the 5’ region of CYP2E] is known to result
in an increased gene expression in fetal liver [9], possi-
bly through modulating the hepatocyte nuclear factor
1 alpha (HNF-1a) transcription factor binding [24, 25].
This upregulation in CYP2E] gene expression can lead
to elevated production of NAPQI, the toxic metabolite
of acetaminophen [5, 6], which may have implications
for fetal development. We acknowledge that the current
study was limited by the unavailability of fetal liver tis-
sue samples, which would have provided direct insight
into the biological mechanisms regarding acetaminophen
metabolism. However, it is important to note that collect-
ing fetal liver tissue requires invasive procedures, making
it impractical for large-scale population-based studies.

In this study, we considered the measured acetami-
nophen metabolites as indicators of maternal aceta-
minophen exposure, because unlike NAPQI (the toxic
metabolite), production of these metabolites is not
directly related to CYP2E1 enzyme activities. We pro-
pose two conceptual models that could explain the
observed association between acetaminophen metabo-
lites and DNA methylation at the CYP2E1 locus (Fig. 4).
DNA methylation of CYP2EI may modify the effect of
maternal acetaminophen exposure on production of
NAPQI and its potential fetal effects (Fig. 4A). It is also
possible that DNA methylation of CYP2EI lies on the
causal pathway from maternal acetaminophen exposure
to NAPQI production and acts as a mediator (Fig. 4B).
However, due to the study design and the absence of
NAPQI measurements in the current study, we were
unable to differentiate between these two models. Nev-
ertheless, the findings from this study are significant as
they provide crucial initial evidence in population-based
cohort, demonstrating an association between acetami-
nophen metabolites and CYP2EI DNA methylation level.
This association underscores the need for further investi-
gation into the specific biological mechanisms involved,
whether they pertain to effect modification or mediation
by DNA methylation at the CYP2E1 locus. Future stud-
ies employing longitudinal data and/or experimental
designs, along with the inclusion of direct measurement
of acetaminophen toxicity, are warranted to elucidate
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Fig. 4 Potential conceptual models underlying the observed association between acetaminophen metabolites and DNA methylation at CYP2F 1

in the Boston Birth Cohort (BBC)

the effects of maternal acetaminophen exposure on fetal
development and the precise roles of DNA methylation
in regulating this process.

Our study population mainly consisted of urban, low-
income, racially and ethnically diverse individuals from
Boston, Massachusetts. In order to assess the generaliz-
ability of our findings, it is essential that future studies
investigate the associations between maternal acetami-
nophen exposure before delivery and newborn’s CYP2E1
methylation in populations with different characteristics
and demographics.

Conclusions

In this US birth cohort, for the first time, we examined
the association between objective measurements of
acetaminophen metabolites and DNA methylation of
the CYP2E] gene in cord blood. Our analyses revealed
a notably association between the presence of acetami-
nophen metabolites and a reduced level of DNA meth-
ylation in the 5’ region of CYP2E1, a gene known to play
important roles in regulating acetaminophen toxicity.
The findings provide critical initial evidence in new-
borns, indicating that maternal acetaminophen exposure
during late pregnancy may influence fetal development.
Future studies are warranted to replicate our results in
other populations and to further investigate whether

the CYP2E1 DNA methylation associated with mater-
nal acetaminophen exposure may have implications for
child’s short- and long-term health outcomes.

Methods
Study design and population
The Boston Birth Cohort (BBC) is a longstanding, pro-
spective cohort study initiated in 1998 that enrolls moth-
ers who deliver at the Boston Medical Center (BMC) and
their child. A detailed study protocol has been published
[26]. Briefly, BBC represents an urban, low-income and
multi-ethnic population in the Boston area, Massachu-
setts, USA. Umbilical cord blood samples were collected
at delivery and were separated into plasma, white blood
cells and red blood cells and stored in freezer at —80 °C.
After enrollment at delivery, a subset of children who
continued to receive pediatric care at the BMC were pro-
spectively followed up until 21 years of age. For the cur-
rent analysis, we included 570 BBC children who have
available data on cord blood DNA methylation and aceta-
minophen metabolites measured in cord plasma. The
included participants were enrolled between December
2003 and October 2013.

The BBC study protocol was approved by the Institu-
tional Review Boards of the Boston Medical Center and
the Johns Hopkins Bloomberg School of Public Health.
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Written consent was obtained from all participating
mothers.

Cord blood sample acquisition and processing

Umbilical cord blood samples were collected by trained
nursing staff at delivery through venous umbilical cord
milking using a BD Vacutainer® Plus Plastic K20EDTA
tube. The samples were centrifuged (0° Celsius at 1430 g
for 13 min) and fractionated into plasma, white blood
cells and red blood cells and were stored in a freezer
at—80°C.

Measurement of acetaminophen biomarkers in cord
plasma

Quantitative profiling of metabolites, including acetami-
nophen, acetaminophen glucuronide and 3-(N-acetyl-
L-cystein-S-yl)-acetaminophen, was conducted in the
umbilical cord plasma samples using liquid chroma-
tography-tandem mass spectrometry (LC-MS) follow-
ing established protocol [27] at the Harvard-MIT Broad
Institute Metabolite Profiling Laboratory. We applied
multiple quality control and quality assurance proce-
dures. Briefly, a pooled reference sample composed
of all individual study samples was randomly inserted
across samples (per 20-30 samples) and the coefficient
of variation (CV) was calculated for each metabolite
using the reference samples. The CV for acetaminophen,
acetaminophen glucuronide and 3-(N-acetyl-L-cystein-
S-yl)-acetaminophen was 0.07, 0.06 and 0.03, respec-
tively, suggesting high reliability of the measurements.
We closely inspected the raw intensity output from the
LC-MS and determined the background noise levels for
the acetaminophen metabolites. We created a dichoto-
mized variable (detected versus not detected) based
on the background noise level for each acetaminophen
metabolite.

Measurement of DNA methylation and quality controls

Genomic DNA was isolated from EDTA-treated white
blood cells and diluted to 50—-100 ng/uL. The diluted
samples were sent to the University of Minnesota
Genomics Center for genome-wide DNA methylation
profiling using the Illumina Infinium MethylationEPIC
BeadChip platform. With the EPIC platform, DNA meth-
ylation levels for a total of 865,859 CpG sites were gen-
erated, offering extensive coverage of CpG islands, genes
and enhancers across the genome. Sample-level and
probe-level quality control procedures were conducted
following the existing pipeline implemented by the R/
Bioconductor package “minfi” [28]. Specifically, samples
with low overall intensity (median log2 intensity less than
10) or probe missing rates exceeding 2% were excluded
from the analysis. Outliers were identified and removed
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based on multi-dimensional scaling (MDS) plots. The
biological sex of each sample was estimated using DNA
methylation data, and any samples with inconsistencies
between the DNA methylation-derived sex and the par-
ent-reported sex in the medical records were excluded
from subsequent analysis. Probes were also eliminated
if they met any of the following criteria: 1) failed detec-
tion (detP>0.01) in over 5% of the samples, 2) overlapped
with a SNP at the measured or extension site or 3) cross-
hybridized to other genomic locations. After the quality
control check, we applied the single-sample single-sam-
ple normal-exponential out-of-band (ssNoob) methods
[29] (preprocessnoob() in “minfi”) to correct for back-
ground and dye bias and performed quartile normaliza-
tion (preprocessQuantile() in “minfi”) to normalize type I
and type II probes.

DNA methylation level of CYP2E1

We used the Illumina MethylationEPIC v1.0 B5 Mani-
fest file to identify CpG sites for the CYP2EI gene. The
manifest file can be downloaded from the Illumina web-
site using the link: https://support.illumina.com/array/
array_kits/infinium-methylationepic-beadchip-kit/downl
oads.html. Specifically, we identified 28 CpG sites that
are annotated to the CYP2EI gene based on the UCSC
Genes track (i.e., the “UCSC_RefGene_Name” column in
the manifest file contains “CYP2E1”). The 28 CpG sites
are located on chromosome 10 and mainly cover the 5’
end region (TSS1500, TSS200, 5’UTR, 1st and 2nd exons,
1st and 2nd introns) of CYP2EI. Among the 28 candi-
date CpG sites, 8 of them fall within the region of a CpG
island (chr10: 135341256-135342561, GRCh37/hg19) in
the UCSC database.

Estimation of cord blood sample cell composition

We inferred the composition of different cell types
(CD4+T cells, CD8+T cells, B cells, monocytes, granu-
locytes, natural killer cells and nucleated red blood cells)
in the cord blood samples using the genome-wide DNA
methylation data. This calculation was conducted using
the estimateCellCounts() function in the “minfi” package,
which implements a reference-based method developed
by Bakulski et al. [30]. We adjusted for the estimated cell-
type compositions as covariates in the downstream sta-
tistical analysis.

Surrogate variables to correct for batch effects

To account for potential batch effects, we performed sur-
rogate variable analysis (SVA) based on the DNA meth-
ylation levels at all CpG sites located on chromosome
10 using the R/Bioconductor package “sva” [31]. All
covariates and cell types were included in the SVA model
to estimate the surrogate variables. These surrogate
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variables were included as covariates in the downstream
statistical analysis.

Child and maternal characteristics as covariates

Child and maternal characteristics were collected
through maternal interviews at the time of study enroll-
ment within 24-72 h of delivery and electronic medical
records (EMR) abstraction. Child covariates were sex,
delivery type (cesarean section or vaginal delivery), pri-
miparous parity, gestational age at birth (weeks) and birth
weight (grams). Maternal covariates were age at delivery,
marital status, any cigarette smoking during pregnancy,
any alcohol use during pregnancy, intrauterine inflamma-
tion (any placenta histopathology consistent with uterine
inflammation that was determined by pathologists or the
presence of intrapartum maternal fever > 38 °C at parturi-
tion), preeclampsia or HELLP (Hemolysis Elevated Liver
enzymes and Low Platelets) syndrome, diabetes mellitus
(chronic, gestational or no diabetes) and stress level dur-
ing pregnancy. In addition, we also collected data on the
following maternal variables: race/ethnicity, education
and pre-pregnancy body mass index (BMI).

Statistical analysis

The maternal and child characteristics were compared
between the two groups of acetaminophen detection
(i.e., detected versus not detected) using Pearson x> for
categorical variables and Student’s t test for continuous
variables.

To test whether the mean DNA methylation level at
CYP2EI was different between the two groups of aceta-
minophen detection, we fit linear regression models
using R/Bioconductor package “limma” [32] for each of
the 28 candidate CpG sites. In the linear regression mod-
els, DNA methylation (beta-value or M-value) at a spe-
cific CpG site was the dependent variable and detection
of acetaminophen (dichotomized) was an independent
variable. Following recommendations from previous
literature [33], we used p-values from the models with
M-value to assess the statistical significance and reported
effect size estimates from the models with beta-value
for better interpretations. The following covariates were
adjusted in the model: child sex, delivery type, parity, ges-
tational age, birth weight, maternal age, maternal marital
status, prenatal smoking, prenatal alcohol use, intrauter-
ine inflammation, preeclampsia, diabetes mellitus, mater-
nal stress, estimated cell-type proportions (CD4+ T cells,
CD8+T cells, B cells, monocytes, granulocytes, natu-
ral killer cells and nucleated red blood cells) and surro-
gate variables. We applied the empirical Bayes approach
(eBaye() in “limma”) to obtain robust p-values for statis-
tical inference. The same linear regression models were
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fit for acetaminophen glucuronide and 3-(N-acetyl-L-
cystein-S-yl) acetaminophen.

To test whether the variability of DNA methylation at
CYP2E] was different between the two groups of aceta-
minophen detection, we applied the DiffVar method [34].
Briefly, DiffVar builds on Levene’s test for equality of var-
iances and employs an empirical Bayes modeling frame-
work to stabilize the test statistics. This method can take
into account potential confounders and experimental
designs as covariates and is robust to outliers [34]. Here,
we used DiffVar to test differential variability of DNA
methylation (M-value) between the detection groups of
acetaminophen biomarkers, respectively, adjusting for
the same covariates mentioned above.

We conducted the following sensitivity analyses. First,
we further adjusted for maternal race/ethnicity in the
linear regression and the DiffVar models to examine
whether the findings from the main analysis may be con-
founded by this variable. Second, we excluded partici-
pants with gestational diabetes from the study samples
and fit the linear regression and DiffVar models in the
rest of the samples.

We reported the p-value from the statistical mod-
els and the Benjamini—-Hochberg false discovery rate
(FDR) [35]. CpG sites with FDR less than 0.05 in the lin-
ear regression models were determined as differentially
methylated positions, and CpG sites with FDR less than
0.05 in the DiffVar tests were determined as variably
methylated positions. We also applied the Bonferroni
correction to the p-value as this method is considered
more conservative. The Bonferroni significance threshold
was 1.79x 107 (i.e., 0.05/28).

We obtained gene annotations for the 28 candidate
CpG sites from publicly available databases. Specifically,
the chromosomal coordinates of exons and introns of
CYP2E] were obtained from NCBI Reference Sequence
(RefSeq) database [36]. The chromosomal coordinates
of the CpG island in the candidate region were obtained
from UCSC Genome Brower [37]. We defined the follow-
ing categories to describe the feature of CpG sites based
on their relation to CpG island: North Shore (0-2 kbs
upstream from the island), South Shore (0-2 kbs down-
stream from the island), South Shelf (2-4 kbs down-
stream from the island) and Open Sea (>4 kbs from the
island). The chromosomal coordinates of DNase hyper-
sensitive regions and open chromatin regions were
obtained from the ENCODE project [12] and included
in the Illumina Manifest file. We used R/Bioconductor
package “Gviz” [38] to visualize the gene annotations for
the candidate region.

All statistical analyses were performed using R version
4.1.1 (R Foundation for Statistical Computing).
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Abbreviations

BBC Boston Birth Cohort

BMC Boston Medical Center

CpG 5'-Cytosine-phosphate-guanine-3’

CYP2E1 Cytochrome p450 family 2 subfamily e member 1
cv Coefficient of variation

DNA Deoxyribonucleic acid

DNAmM DNA methylation

DNMT3A  DNA methyltransferase 3 alpha

DNMT3B  DNA methyltransferase 3 beta

ENCODE  Encyclopedia of DNA elements

EWAS Epigenome-wide association study

FDR False discovery rate

GSH Glutathione

HELLP Hemolysis, elevated liver enzymes and low platelets
SD Standard deviation

LC-MS Liquid chromatography-tandem mass spectrometry
NAPQI N-acetyl-p-benzoquinone imine

SVA Surrogate variable analysis

TET1 Ten-eleven translocation methylcytosine dioxygenase 1
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