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ABSTRACT

Background: Epigenetic mechanisms may underlie associations
between maternal caffeine consumption and adverse childhood
metabolic outcomes. However, limited studies have examined
neonate DNA methylation (DNAm) patterns in the context of
preconception or prenatal exposure to caffeine metabolites.
Objectives: We examined preconception and pregnancy caffeine
exposure with DNAm alterations in neonate cord blood (n = 378).
Methods: In a secondary analysis of the Effects of Aspirin
in Gestation and Reproduction Trial (EAGeR), we measured
maternal caffeine, paraxanthine, and theobromine concentrations
from stored serum collected preconception (on average 2 months
before pregnancy) and at 8 weeks of gestation. In parallel, self-
reported caffeinated beverage intake was captured via administration
of questionnaires and daily diaries. We profiled DNAm from the cord
blood buffy coat of singletons using the MethylationEPIC BeadChip.
We assessed associations of maternal caffeine exposure and methy-
lation B values using multivariable robust linear regression. A false
discovery rate (FDR) correction was applied using the Benjamini-
Hochberg method.

Results: In preconception, the majority of women reported consum-
ing 1 or fewer servings/day of caffeine on average, and caffeine and
paraxanthine metabolite levels were 88 and 36 pmol/L, respectively.
Preconception serum caffeine metabolites were not associated with
individual cytosine-guanine (CpG) sites (FDR >5%), though preg-
nancy theobromine was associated with DNAm at cg09460369 near
RAB2A (B = 0.028; SE = 0.005; FDR P = 0.012). Preconception
self-reported caffeinated beverage intake compared to no intake was
associated with DNAm at ¢g09002832 near GLIS3 (B = —0.013;
SE = 0.002; FDR P = 0.036). No associations with self-reported
intake during pregnancy were found.

Conclusions: Few effects of maternal caffeine exposure on neonate
methylation differences in leukocytes were identified in this popu-
lation with relatively low caffeine consumption. ~ Am J Clin Nutr
2022;115:482-491.
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Introduction

Caffeine is widely consumed and naturally found in beverages
and foods, including coffee, tea, and cocoa products (1). Current
guidelines from the American College of Obstetricians and
Gynecologists recommend pregnant women limit consumption
to less than 200 milligrams per day (2). During pregnancy, the
fetus is directly exposed to maternal caffeine intake, as caffeine
and its metabolites are readily able to cross the placenta and enter
fetal circulation (3). Caffeine is metabolized by the cytochrome
P450 1A2 enzyme (CYP1A2) to produce paraxanthine and
theobromine, which account for approximately 80% and 12% of
caffeine metabolites, respectively (4).

Maternal caffeine exposure has been previously associated
with long-term outcomes, including childhood overweight and
obesity and liver fat deposits by age 10 years (5-9). These effects
of maternal caffeine exposure on childhood outcomes may be
mediated through epigenetic mechanisms (10-15). For example,
caffeine intragastrically administered from gestational days 9
through 20 (at 30, 60, or 120 mg/kg per day) in pregnant rats
is associated with histone acetylation and reduced expression
of genes responsible for cholesterol synthesis in male offspring
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liver samples, including cAMP, sirtuinl, and protein kinase A
(10). More specifically, differences in DNA methylation (DNAm)
patterns, a primary epigenetic mechanism, have been associated
with exposure to caffeine (ranging from gestational day 8.5 up
until day 20 at 20+ mg/kg per day, or about 2—4 cups of coffee
for humans) and its metabolites in animal and in vitro studies
(11-15).

Few human studies have examined associations between
caffeine exposure and DNAm status, and these studies were
limited by only examining self-reported coffee or tea intake
in nonpregnant adults (16-18). Chuang et al. (16) identified
11 cytosine-guanine (CpG) probes in blood associated with daily
coffee consumption that were linked to lipid metabolism and im-
mune response. Yet, another epigenome-wide association study
(EWAS) from Ek et al. (17) found no significant associations
between coffee consumption (ranging from 28.8 to 107 cups
per month on average) and DNAm among men and women
but observed a significant association between tea consumption
in women and DNAm at probes cg18192808 (DNAJC16) and
cg14055589 (TTC17). Factors such as the retrospective and
self-reported measures of coffee and tea intake may explain
the discrepancy in findings. A meta-analysis of 15 cohorts of
15,789 nonpregnant adults in the Cohorts for Heart and Aging
Research in Genomic Epidemiology (CHARGE) Consortium
identified coffee-associated differences in DNAm at 11 CpGs
(18). Self-reported coffee intake ranged from 0.6 cups per day to
3.5 cups per day. Furthermore, no epidemiologic studies
examined these associations in the context of preconception
exposure to caffeine or its metabolites. These associations may
be important to consider, because DNAm is beginning to be
established in early development (19).

Therefore, the aim of this study was to examine the association
of maternal caffeine status during preconception and pregnancy
with DNAm patterns in cord blood. To do this, maternal caffeine
exposure was assessed by both maternal serum biomarkers
of caffeine metabolites and self-reported caffeinated beverage
intake. Epigenetic markers may provide new mechanistic insights
into the impacts of maternal caffeine status.

Methods
Study design

We conducted a secondary analysis of the Effects of Aspirin
in Gestation and Reproduction (EAGeR) trial (2007-2011;
NCT00467363). EAGeR was a multicenter, double-blind clinical
trial that randomized White women with a history of pregnancy
loss to low-dose aspirin + folic acid compared with folic acid
prior to conception to investigate effects on live birth and
pregnancy loss (n = 1228) (20, 21). Among them, 48% (n = 595)
delivered a live birth. The current analysis is nested among
newborns from the Salt Lake City, Utah, study site, which
recruited >80% of study participants. Cord blood was collected
at Utah beginning in 2009 (2 years after enrollment began) and
was successful for over 90% of deliveries thereafter (n = 428).
We removed samples that had insufficient DNA or failed quality
control checks (n = 37). We also excluded 12 participants of other
races/ethnicities [i.e., Black (n = 4), American Indian (n = 1),
Asian (n = 6), and unidentified (n = 1)] as there have been
documented racial/ethnic differences in caffeine consumption

and their sources (e.g., more tea consumed in Asian cultures)
and genetic ancestry plays a role in establishment of DNAm (22,
23). Supplemental Figure 1 is a participant flow diagram for
the final analytic sample (n = 378). The study was approved by
the institutional review board at the University of Utah (Salt Lake
City, Utah IRB #1,002,521), and all participants provided written
informed consent prior to enrolling. We previously observed that
randomization to low-dose aspirin had no impact on DNAm in
cord blood (24, 25).

Caffeine metabolite assessment

Caffeine and 2 primary metabolites, paraxanthine and theo-
bromine, were measured via LC-MS from serum samples
collected from women at the baseline enrollment visit prior to
randomization (preconception; average 2.60 £ 1.57 months prior
to pregnancy) and again at 8 weeks of gestation (26). Coefficients
of variation in the lowest range of detection were 9%—17%.
Of the 363 preconception samples available for analysis, 65
(17.9%), 113 (31.1%), and 28 (7.7%) were below the limit
of detection (LOD) of 0.04 pg/mL for caffeine, paraxanthine,
and theobromine, respectively. Of the 345 eight-week gestation
samples available for analysis, 136 (39.4%), 268 (77.7%),
and 123 (35.6%) were below the LOD of 0.04 pg/mL for
caffeine, paraxanthine, and theobromine, respectively. Values
below the LOD were imputed as LOD/,/2 (27) and were
included in the analysis. For this analysis, we categorized
serum caffeine metabolites into tertiles due to the skewness
of each metabolite toward low concentrations. Preconception
categories were defined as follows: caffeine, <0.08, 0.08-0.56, or
>0.56 ng/mL; paraxanthine, <0.04, 0.04-0.18, or >0.18 pg/mL;
and theobromine, <0.34, 0.34-1.05, or >1.05 pg/mL. Early
pregnancy categories were defined as follows: caffeine, <0.03,
0.03-0.21, or >0.21 pg/mL; and theobromine, <0.03, 0.03—
0.22, or >0.22 pg/mL. Early pregnancy paraxanthine was
dichotomized according to the LOD (>0.04 compared with
<0.04 pg/mL) because the 33.3 and 66.7 percentiles were both
below the LOD.

Caffeinated beverage intake assessment

Self-reported habitual caffeinated beverage intake was cap-
tured multiple times during the study. At baseline, prior to
pregnancy, study participants completed lifestyle questionnaires
capturing intake of coffee (cups/d), tea (cups/d), and caffeinated
soda (servings/d) over the past 12 months. Servings were
converted to standard servings/d, which corresponds to a 6 oz
(177 mL) cup of coffee or tea and a 12 oz (355 mL) can of
soda. For the analysis, we categorized each beverage intake
by any cups/d or servings/d reported, compared with none.
During the first 2 menstrual cycles after study enrollment, 330
(87.3%) women recorded the number of caffeinated beverages
consumed on daily diaries completed at home. Similarly, a
daily diary capturing total caffeinated beverage intake was
also completed between 4 to 8 weeks of gestation. For this
analysis, we averaged caffeinated beverage intake from the
diaries to get a preconception average (i.e., diaries collected
during the first 2 menstrual cycles) and an 8-weeks-gestation
average. Intake was categorized as any amount compared with
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none. Lastly, questionnaires assessing the usual daily intake of
caffeinated beverages over the past month were completed every
4 weeks beginning at 12 weeks gestation until 36 weeks. For
this analysis, we categorized self-reported caffeinated beverage
average intake over this period as none (i.e., no servings) or any
amount.

DNAm measurement and processing

DNA measurement from cord blood samples has been previ-
ously described for this study (24). Briefly, prepared cord blood
buffy coat was shipped and processed for DNA extraction and
analysis at the University of Minnesota. DNA underwent bisul-
fate conversion (EZ DNA Methylation TM kit, Zymo Research)
to differentiate unmethylated and methylated cytosines. DNAm
was profiled using the Infinium MethylationEPIC BeadChip
microarray (28, 29). Samples were randomly ordered to control
for batch effects, and the sample plate and positions were tracked.
The minfi package in R was used to process DNAm microarray
data, including quantile normalization and background signal
and dye-bias adjustment of probes (30). Probes with a detection
P value greater than 0.01 were filtered and probes on the
sex chromosomes were removed, leaving 815,112 probes for
analysis. DNAm levels for each CpG probe were reported as S
values ranging from O (unmethylated) to 1 (methylated). These
B values were determined by calculating the ratio of methylated
probe fluorescence intensity to the sum of the methylated and
unmethylated probe intensities.

Statistical analysis

Linear regression models were used to assess a linear trend be-
tween self-reported caffeinated beverage intake and natural log-
transformed serum caffeine metabolite concentrations. Spearman
correlation coefficients (r;) were also used to compare within-
and between-serum concentrations at preconception and 8 weeks
of gestation. To assess the association of methylation 8 values
(dependent variable) and each of the caffeine metabolites, we
used multivariable robust linear regression. Separate models were
created for each metabolite at each time point, comparing the
second or third tertile with the first (lowest) tertile. In a secondary
analysis, adjusted robust linear models were used to examine the
associations of any self-reported intake of caffeinated beverages
(compared with none) with methylation B values. Separate
models were created for total caffeinated beverage intake, as
well as coffee, tea, and soda beverage intakes. To account
for multiple comparisons, we applied a false discovery rate
(FDR) correction using the method by Benjamini-Hochberg
(31).

Preconception models were adjusted for maternal age in
years (continuous), household income of at least $40,000,
ever-smoker status, and alcohol consumption obtained from
the preconception diary. Pregnancy models were adjusted for
maternal age, household income, and ever-smoker status. Alcohol
consumption was not included due to few women reporting
consuming alcohol (n <5) during pregnancy. Similarly, all
women were provided with folic acid supplements as part of the
trial, and over 92% of participants reported taking a multivitamin
at baseline. In all models, we also adjusted for batch effects,

Polinski et al.

cell count estimation, infant sex, and the infant’s epigenetically
derived ancestry. Ancestry was inferred using GLINT to generate
4 principle components of ancestry using information from select
CpG sites (32). To adjust for batch effects from the DNAm
measurement, plate number was included as a covariate in
the analysis. The relative proportions of B cells, monocytes,
CDA4T, CD8T, granulocytes, NK cells, and nucleated red blood
cells were estimated using a cord blood—specific reference (33,
34) to account for cellular heterogeneity. The treatment arm
(low-dose aspirin or placebo) was not associated with either
DNAm (24) or caffeine status (26) in this cohort, so it was
not included as a covariate in this analysis. The statistical
analysis was conducted in SAS 9.4 (SAS Institute) and R
Studio 1.3.

Gene annotations were identified using the Illumina database
and Ingenuity Knowledge Database and verified in the University
of California Santa Cruz genome browser (GRCh37/hg19). Bio-
logic networks and functional pathways were generated through
the use of Ingenuity Pathway Analysis (IPA; QIAGEN Inc.)
(35). CpG probes were imported and mapped to algorithmically
generated networks and canonical pathways available in the
proprietary IPA Knowledge Base. Resulting networks receive
scores within IPA for ranking purposes, in which a greater
number of molecules in the network results in a higher score.
Canonical pathways were determined by IPA based on: /) the
ratio of the number of molecules from the data set that map to a
canonical pathway, divided by the total number of molecules that
map to that same pathway; and 2) a Fisher’s exact test P value
that determines whether the molecules in the data set and pathway
overlap by chance alone.

Results

Women were, on average, 28.3 years of age (SD,
4.5 years) with household incomes of at least $40,000 (68.8%).
The majority were never smokers (92.1%) and did not report
consuming alcohol in their preconception diary (73.1%; Table 1).
An older age, a higher household income, ever-smoking status,
and higher preconception alcohol consumption were significantly
associated with increasing caffeine metabolite tertiles. Maternal
caffeine metabolite concentrations are reported in Supplemental
Table 1. Except for preconception theobromine, the first tertile
for each metabolite represents serum concentrations below
the LOD. Low caffeine exposure was also indicated through
maternal self-report. On the baseline questionnaire, 65%, 21%,
and 7% reported any soda, coffee, or tea intake, respectively,
with the majority consuming 1 or fewer servings/day on average.
During the first 2 menstrual cycles of active follow-up, 75.8%
reported consuming any amount of any type of caffeinated
beverage. The number of caffeinated drinks consumed decreased
over early pregnancy; by 8 weeks gestation, only about 23%
reported consuming any amount. During the second and third
trimesters, about half of all women reported any intake, and
caffeinated soda was the primary source.

Self-reported caffeinated beverage intake had a positive
correlation with serum caffeine and paraxanthine concentrations
at both the preconception and 8-week-gestation assessments
(P value for linear trend < 0.001) and are presented in
Supplemental Table 2. Caffeinated beverage intake was not
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TABLE 1 Baseline study population characteristics among women with newborn DNA methylation data

Preconception caffeine tertile

Self-report
Analytic caffeinated beverage, 1 2 3

Characteristic! sample any intake <0.08 pg/mL 0.08-0.56 pg/mL >0.56 pg/mL
n 378 250 125 119 119
Age, years, mean (SD) 28.3 (4.5) 28.5 (4.6) 27.5(3.9) 27.9 (4.3) 29.8 (4.8)
Prepregnancy BMI, kg/mz, mean (SD) 25.2(5.5) 25.5(5.8) 24.6 (5.1) 25.2(5.5) 254 (5.2)
Education, >high school 3387 (89.4) 221 (88.4) 115 (92.0) 106 (89.1) 105 (88.2)
Household income, >$40k 260 (68.8) 178 (71.2) 74 (59.2) 90 (75.6) 88 (73.9)
Smoking status, never 348 (92.1) 227 (90.8) 124 (99.2) 109 (91.6) 102 (85.0)
Preconception alcohol, any 90 (27.3) 84 (33.6) 7(6.4) 28 (25.2) 50 (52.1)

All values are n (%) unless otherwise stated.

associated with preconception serum theobromine (P value for
linear trend = 0.52), though a positive association was identified
at 8 weeks of gestation (P value for linear trend = 0.003).
Among preconception serum concentrations, caffeine was highly
correlated with paraxanthine (r;= 0.86; P value < 0.001),
and theobromine demonstrated low correlations with caffeine
(r¢= 0.34; P value < 0.001) and paraxanthine (r;= 0.30;
<0.001). Further, serum concentrations at 8§ weeks gestation
showed low correlations with each other (ry, 0.35-0.47; P val-
ues < 0.001). In comparing preconception and 8-week-gestation
serum concentrations, the rg ranged from 0.11 to 0.29, indicating
a low correlation between the preconception and gestational-
week-8 measures of serum metabolites (P values < 0.05).

Serum caffeine metabolites

In the array-wide analysis, preconception serum markers of
caffeine, paraxanthine, and theobromine were not associated
with individual CpG probes after FDR adjustment. Early
pregnancy theobromine concentrations (tertile 2 compared with
tertile 1) were associated with differential DNAm at probe
cg09460369 (FDR P = 0.012) near the RAB2A gene on
chromosome 8 (Tables 2 and 3). A similar trend was observed
in comparing tertile 3 to tertile 1 for the same probe (B
= 0.017; SE = 0.004; P value = 0.005), though statistical
significance was not reached after the FDR correction. Caffeine
and paraxanthine concentrations at 8 weeks gestation were not
associated with individual CpG probes in neonates after FDR
adjustment.

Maternal report of caffeinated beverages

Based on maternal self-report of caffeinated beverage intake,
1 significant inverse association with preconception consumption
of any type of caffeinated beverage was found involving
probe cg09002832 (FDR P = 0.036) near the GLIS3 gene on
chromosome 9 (Tables 2 and 3). No FDR-corrected significant
associations were found with specific types of preconception
caffeinated beverages (i.e., coffee, tea or soda) or with self-
reported intake during pregnancy (up to 8 weeks and 12—
36 weeks). In an ad hoc analysis, we defined regular or consistent
caffeine drinkers using the preconception and gestation week 8
diaries and pregnancy questionnaires (n = 54/250), but did not
find FDR-significant CpG probes.

Functional enrichment analysis

Next, we imported the top-ranked 100 CpG probes, based
on the FDR P value identified in the early pregnancy theo-
bromine and preconception intake array-wide analyses, into IPA
(Supplemental Tables 3 and 4). The resulting networks, along
with the top related disease or functions, are provided in the
Supplemental Materials (Supplemental Tables 5 and 6; Supple-
mental Figure 2). The top network showed that the maternal
theobromine at 8§ weeks of gestation was related to functions
of “cell death and survival, lipid metabolism, small molecule
biochemistry” (score = 44). The top IPA network of “cancer,
gastrointestinal disease, organismal injury and abnormalities”
was associated with the probes from preconception caffeinated
beverage intake (score = 59). IPA also returned the overlapping
canonical pathways of the top CpG probes identified in the
preconception intake and pregnancy theobromine analyses based
on the following categories: “intracellular and second messenger
signaling”; “cellular growth, proliferation, and development”;
“cellular immune response”; and “cellular stress and injury”
(Table 4).

Discussion

We investigated array-wide methylation profiles in neonatal
cord blood in association with maternal caffeine exposure during
preconception and early pregnancy. Exposure was examined
using 2 approaches: serum markers of caffeine metabolites and
maternal report of caffeinated beverage intake. Overall, we found
few differences in methylation at individual CpG sites with
periconception caffeine exposure. Differential methylation at
CpG probe cg09460369 (RAB2A) was associated with serum
theobromine at 8 weeks of gestation. RAB2A encodes a protein
required for transport from the endoplasmic reticulum to the
Golgi complex and has been implicated in conditions like
rheumatoid arthritis (36) and osteoarthritis (37). In addition,
cg09002832 (GLIS3) was associated with preconception caf-
feinated beverage consumption. The GLIS3 gene encodes a
protein important in transcription and is involved in the early
development of tissues, including pancreatic beta cells and the
thyroid, brain, liver, and kidney (38). Both cg09460369 and
cg09002832 are located in CpG islands, suggesting a role in
the regulation of gene expression, though this needs to be
confirmed with gene transcription data (39). Though replication
is needed, our study provides novel but limited evidence of
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TABLE 2 (Continued)

Relation to CpG

Gene Island

Position

Chromosome

FDR P Value

P Value

SE

CpG Site

Self-reported intake of any cups/d of caffeinated tea

cg10610309!
cgl4532717"
205954339
¢g00073010

100,083,372
95,897,739

13
13

4.86E-43
4.45E-16

5.84E-49
1.07E-21
5.21E-08
5.52E-07
5.01E-07

0.01065
0.02669
0.01525

—0.1566
—0.2554
—0.08301
—0.01684
—0.00723

Self-reported intake of any servings/d of caffeinated soda

ABCC4
LINC01000

128,292,014
17,627,194

0.01447
0.091885
0.091885

Island
Island

RAII

TBCIDI14

17

0.003364
0.001438

6,988,743

cg06301296

Island

SHROOM 1

132,159,003

150,861,640
42,173,869

0.454676
0.454676
0.454676
0.454676
0.45476

1.24E-06
2.28E-06
2.41E-06
1.59E-06
2.73E-06

0.004037
0.002142
0.002377
0.003085
0.002158

—0.01957
—0.01012
—0.01121

cg24789467
cg25658464
cg05741395

SLC36A1

North Shore

SPTBN5
RGS13

15

192,613,150
76,160,108

—0.01481
—0.01012
Self-reported preconception intake of any type of caffeinated beverage

225966829
219924120

North Shore

18
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GLIS3 Island

4,300,181

0.036574
0.212765
0.212765
0.405877
0.405877

4.39E-08
6.26E-07
7.67E-07
2.44E-06
2.38E-06

0.002

—0.013

¢g09002832
cg14236539
¢g04289820
cg23877720
¢g22438063

47,026,946

0.003

0.013

Island
Island

107,221,194
49,815,117

14

0.004
0.001

0.023
—0.006

VWwC2

ZNRF1

75,121,671

16

0.002

0.010

Abbreviations: CpG, cytosine-guanine; DNAm, DNA methylation; FDR, false discovery rate.

!Potentially polymorphic.

associations between maternal caffeine exposure and DNAm
alterations.

Protein kinase A, AMP-activated protein kinase, and cAMP-
mediated signaling were elucidated as potential functions im-
pacted by the methylation patterns in our study. Protein kinase
A is essential to regulating metabolic homeostasis and gene
expression through its role in phosphorylation of enzymes and
transcription factors and is regulated by AMP. For example, it
is the primary regulator of acetyl-CoA carboxylase in fatty acid
metabolism (40) and its activation by drugs such as metformin
decreases blood glucose concentrations (41). Our finding is
consistent with an EWAS of habitual coffee consumption among
older adults in which genes linked to significant CpG probes
(P values < 107%) were related to protein kinase activity in an
enrichment analysis (16). Animal models have also provided
evidence linking in utero caffeine exposure to gene expression
of protein kinase A and AMP (10). This is potentially relevant,
as a recent meta-analysis reported a 39% increased risk of
childhood overweight and obesity among offspring of mothers
with the highest caffeine intake compared to those with the
lowest (7). This association was further supported by a significant
dose-response relationship in which each 100 mg per day
increase of maternal caffeine consumption was associated with
a 31% increased risk of childhood overweight and obesity (7).
Therefore, DNAm may be one mechanism linking preconception
or prenatal caffeine exposure to later disease risks, though the
results of this study alone should not be interpreted as a causal
mechanism of the developmental effects of maternal caffeine
exposure.

Pathways linked to cell cycle function, growth, and develop-
ment were also prominent in our study. An in vitro experiment
demonstrated that 24-hour treatment with theobromine (100—
200 pg/mL) stopped preadipocytes in the nondividing, GO/G1
phase (42). Notably, these concentrations of theobromine are
higher than the levels observed in this cohort (<1.05 pg/mL)
or those that are attainable through typical ingestion of
theobromine-rich foods, such as dark chocolate. We were unable
to assess this further, as dietary recalls to measure self-reported
intake of theobromine-rich foods were not collected in this study.
Further research is needed to expand on the potential impacts
of caffeine metabolites, particularly theobromine, on cellular
function preconceptionally and prenatally. Notably, the pathways
identified in IPA are only potential biologic processes that may be
impacted by the methylation of CpG probes in that pathway. We
cannot rule out that the identification of these potential pathways
in our study may be due to the differing number of CpG probes
per gene that are present on the MethylationEPIC 850k.

Strengths of this study include the examination of neonate
DNAm in the context of preconception and prenatal exposure to
caffeine in a well-established, prospective cohort. We uniquely
utilized 2 sources of maternal exposure: serum metabolites
and self-reported intake. Though exposure misclassification is
possible, the prospective design limits potential recall bias of
self-reported intake, and findings were similar between self-
reported and serum measures. However, this study had some
limitations. First, a single preconception marker or a single
early gestation marker of circulating caffeine metabolites may
not reflect usual intake during these critical periods [caffeine
metabolites have half-lives of around 3 hours (43)]. Repeated
measures of these metabolites and adjustment of time since
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TABLE 4 Overlapping canonical pathways for CpG sites identified in preconception (intake of any caffeinated beverage) and early pregnancy (serum
theobromine), by category

B-values SE P Value CpG sites Genes
Category 1: intracellular and second messenger signaling
Protein kinase A signaling
Theobromine —0.019 0.005 6.46E-05 cg12534645 CAMK2A
—0.012 0.003 9.26E-05 cg14129040 CREBI
—0.018 0.004 7.97E-06 cg24319143 DUSP22
—0.013 0.003 0.000102 cg08315283 NFKBIA
Caffeinated beverage intake 0.006 0.003 1.79E-05 cg18871670 ANAPCI3
—0.006 0.002 0.000158 ¢g04459013 EPM2A
0.006 0.002 0.000217 ¢g10290200 FLNC
0.011 0.003 0.000277 cgl1411922 MYLK2
—0.006 0.001 6.27E-06 cg13552999 PTPN21
cAMP-mediated signaling
Theobromine —0.019 0.005 6.46E-05 cg12534645 CAMK2A
0.008 0.002 2.21E-05 ¢g22426570 CHRM2
—0.012 0.003 9.26E-05 cg14129040 CREBI
Caffeinated beverage intake 0.016 0.004 9.79E-05 ¢g09028487 MCIR
—0.009 0.002 9.92E-05 cgl19653161 RGS10
G-protein coupled receptor signaling
Theobromine —0.019 0.005 6.46E-05 cg12534645 CAMK2A
0.008 0.002 2.21E-05 €g22426570 CHRM2
—0.012 0.003 9.26E-05 cg14129040 CREBI
—0.013 0.003 0.000102 cg08315283 NFKBIA
Caffeinated beverage intake 0.016 0.004 9.79E-05 cg09028487 MCIR
—0.009 0.002 9.92E-05 cg19653161 RGS10
AMP-activated protein kinase signaling'
Theobromine 0.008 0.002 2.21E-05 ¢g22426570 CHRM2
—0.012 0.003 9.26E-05 cg14129040 CREBI
—0.004 0.001 9.26E-05 cgl7287814 PPP2R2A
0.028 0.005 1.43E-08 ¢g09460369 RAB2A
Caffeinated beverage intake 0.004 0.001 0.000236 cg06875318 ORAII
0.021 0.005 2.68E-05 cg13345558 PRKAAI
Category 2: cellular growth, proliferation, and development
Kinetochore metaphase signaling
Theobromine 0.004 0.001 0.000033 €g27329848 BUBIB
Caffeinated beverage intake 0.006 0.001 1.79E-05 cg18871670 ANAPCI3
0.01 0.002 3.81E-05 cg08133816 CENPT
—0.012 0.003 0.000294 cg21751147 MADILI
ILK signaling
Theobromine —0.012 0.003 9.26E-05 cg14129040 CREBI
—0.007 0.002 0.00007 cg18778433 PARVA
—0.004 0.001 9.26E-05 cg17287814 PPP2R2A
Caffeinated beverage intake —0.024 0.006 0.000136 cgl11689813 ACTAI
0.006 0.002 0.000217 ¢g10290200 FLNC
Category 3: Cellular immune response
PI3K signaling in B lymphocytes
Theobromine —0.019 0.005 6.46E-05 cg12534645 CAMK2A
—0.012 0.005 9.26E-05 cg14129040 CREBI
—0.013 0.003 0.000102 cg08315283 NFKBIA
Caffeinated beverage intake —0.025 0.007 0.000271 cg02211519 CD81
0.011 0.003 0.000205 ¢g00150231 INPP5D
iCOS-iCOSL signaling in T helper cells
Theobromine —0.019 0.005 6.46E-05 cg12534645 CAMK2A
—0.013 0.003 0.000102 cg08315283 NFKBIA
Caffeinated beverage intake 0.011 0.003 2.05E-04 cg00150231 INPP5D
Category 4: cellular stress and injury
ATM signaling?
Theobromine —0.012 0.005 9.26E-05 cg14129040 CREBI
—0.013 0.003 0.000102 cg08315283 NFKBIA
—0.004 0.001 9.26E-05 cgl7287814 PPP2R2A
Caffeinated beverage intake —0.007 0.002 2.03E-04 ¢g24532898 TLKI
Hypoxia signaling in the cardiovascular system?
Theobromine —0.012 0.005 9.26E-05 cg14129040 CREBI
—0.013 0.003 0.000102 cg08315283 NFKBIA
Caffeinated beverage intake 0.022 0.006 3.27E-04 cgl7177602 UBE2J2

! AMP-activated protein kinase signaling overlaps with the “cellular growth, proliferation, and development” category.

2 ATM signaling is also part of the “cell cycle regulation” category.

3Hypoxia signaling in the cardiovascular system is also part of the “cancer,” “cardiovascular signaling,” and “ingenuity toxicity list pathways” categories. Abbreviations:
CpG, cytosine-guanine; ILK, integrin-linked kinase; PI3K, phosphoinositide 3-kinase; iCOS, inducible costimulator; iCOSL, inducible costimulator ligand; ATM,
ataxia-telangiectasia mutated
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caffeinated beverage consumption should be considered in
future studies. Second, participants in our study population had
relatively low reported consumption of coffee and tea intake,
which was also reflected in serum caffeine concentrations, and
this may limit generalizability. The median concentration in the
first tertile of preconception caffeine intake is consistent with a
clinical trial of adults (a serum caffeine value of 0.03 pg/mL
corresponded to no cups of coffee) (44), and our median value
of preconception caffeine was less than what was observed
in another low-consumption cohort of premenopausal women
(45). Further, our highest preconception tertiles (but not 8-week-
gestation tertiles) of caffeine and paraxanthine were similar
to the highest quartile of plasma caffeine (>0.66 pg/mL) and
paraxanthine (>0.23 pg/mL) in a cohort of pregnant women
at gestational weeks 8-13 (46). Additionally, the prevalence
of preconception coffee consumption was about 20% in this
study. In contrast, the prevalence of coffee consumption among
women over 20 years of age was 60.3% based on an examination
of NHANES 2011-2016 data (22). Tea consumption was also
low in our study population (7%), limiting our ability to
examine its intake directly with DNAm. In an EWAS combining
4 European cohorts of older adults, Ek et al. (17) found that
tea consumption in women, but not men, was associated with
DNAm and mapped to genes related to estradiol. We also
did not systematically capture nonbeverage sources of caffeine
by self-report in questionnaires/diaries; however, the serum
caffeine metabolites would reflect recent exposure regardless
of source (e.g., foods, medications). Further, it is also possible
that this cohort of women attempting pregnancy may have
exhibited different behaviors (i.e., intentionally reducing caffeine
consumption) compared to women with unplanned pregnancies
(47, 48). Therefore, research among more diverse women of
reproductive age with higher levels of caffeine exposure from
coffee and tea sources is warranted. Third, the generalizability
of results may be further limited, as our study population
consisted of White women with a history of 1-2 pregnancy
losses who had a live birth delivery during follow-up. Lastly,
gene expression data were not available in this study, so we
were unable to determine whether differences in methylation
correlate with cellular activity. Similarly, genotype data were
not available to account for the role of underlying genetics
on DNAm, particularly genotypes that might be relevant to
caffeine metabolism (i.e., CYPIA2). As this discovery study
is limited in sample size, the findings should be validated in
additional independent studies. Further research in this area
would benefit from the integration of genomic and transcriptomic
data.

In summary, few differences in cord blood DNAm at individual
CpG sites were identified in association with maternal caffeine
intake. Future work should examine these associations among
women attempting pregnancy, who have a greater variability in
caffeinated beverage consumption both within and outside of the
recommended ranges. DNAm changes in neonatal cord blood
from preconception or early pregnancy theobromine exposure
may be linked to energy metabolism, gene expression, and
cell cycle function. This suggests that epigenetic mechanisms
may underlie the previous associations between maternal caf-
feine exposure and adverse metabolic outcomes in childhood,
including obesity and liver fat deposits. However, additional
studies are needed to explore potential underlying mechanisms
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among women attempting pregnancy with higher caffeine
exposure.
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