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STUDY QUESTION: Are reproductive characteristics associated with genome-wide DNA methylation and epigenetic age?

SUMMARY ANSWER: Our data suggest that increasing parity is associated with differences in blood DNA methylation and small increases
in epigenetic age.

WHAT IS KNOWN ALREADY: A study of 397 young Filipino women (ages 20—22) observed increasing epigenetic age with an increasing
number of pregnancies.

STUDY DESIGN, SIZE, DURATION: We used data from 2356 non-Hispanic white women (ages 35—74) enrolled in the Sister Study
cohort.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Data on reproductive history were ascertained via questionnaire. Of the 2356
women, 1897 (81%) reported at least one live birth. Among parous women, 487 (26%) women reported ever experiencing a pregnancy
complication. Three epigenetic clocks (i.e. Hannum, Horvath and Levine) and genome-wide methylation were measured in DNA from whole
blood using lllumina’s HumanMethylation450 BeadChip. We estimated association $-values and 95% Cls using linear regression.

MAIN RESULTS AND THE ROLE OF CHANCE: All three epigenetic clocks showed weak associations between number of births and
epigenetic age (per live birth; Hannum: 8 = 0.16, 95% Cl = 0.02, 0.29, P = 0.03; Horvath: 8 = 0.12, 95% Cl = —0.04, 0.27, P = 0.14; Levine:
B =0.27,95% Cl = 0.08, 0.45, P = 0.01); however, additional adjustment for current BMI attenuated the associations. Among parous women,
a history of abnormal glucose tolerance during pregnancy was associated with increased epigenetic age by the Hannum clock (8 = 0.96; 95%
Cl =0.10, 1.81; P = 0.03) and Levine clocks (8 = 1.69; 95% ClI = 0.54, 2.84; P < 0.0l). In epigenome-wide analysis, increasing parity was
associated with methylation differences at |7 CpG sites (Bonferroni corrected P< 1.0 x I0’7).

LIMITATIONS, REASONS FOR CAUTION: We relied on retrospective recall to ascertain reproductive history and pregnancy
complications.

WIDER IMPLICATIONS OF THE FINDINGS: Our findings suggest that parity is associated with small increases in epigenetic age and
with DNA methylation at multiple sites in the genome.
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Introduction . changes to endocrine, cardiovascular, immune and metabolic functions,

. as well as long-term increases in oxidative stress (Lain and Catalano,
To meet the demands of the developing fetus, a woman experi- . 2007; Melchiorre et al., 2012; Somerset et al., 2004; Soma-Pillay et al.,
ences various costs of reproduction, including extensive physiological 2016; Ziomkiewicz et al., 2016). These costs may diminish somatic
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maintenance systems, thereby accelerating senescence and biological
aging. This hypothesis finds some support in recent studies that have
found an association between reproduction and telomere shortening
(Kresovich et al., 2018; Ryan et al., 2018).

Epigenetic clocks are a new class of biological age estimator that may
be more sensitive than telomeres in quantifying the effects of repro-
duction on biological age. To date, three epigenetic clocks have been
developed. Briefly, the Hannum and Horvath clocks were developed
using DNA methylation to predict chronological age (Hannum et al.,
2013; Horvath, 2013). To estimate DNA methylation age (DNAm
age), the developers selected the most informative set of cytosine—
guanine dinucleotide (CpG) sites using machine learning algorithms.
Differences between DNAm age and chronological age are termed epi-
genetic ‘age acceleration’, which can be either positive (when DNAm
is greater than chronological age) or negative (Chen et al., 2016).
The third clock, by Levine et al. (2018), differs from the Hannum
and Horvath clocks because, rather than being designed to predict
chronological age, it was designed to predict ‘PhenoAge’. PhenoAge
is a biological age estimator based on a combination of chronological
age and selected blood parameters related to inflammation, metabolic
and immune function (albumin, creatinine, glucose, C-reactive protein,
lymphocyte percent, mean cell volume, red cell distribution width,
alkaline phosphatase and white blood cell count). Levine et al. (2018)
then used elastic net regularization to identify a set of CpG sites
that could predict PhenoAge. As Levine’s clock indirectly incorporates
these clinical biomarkers, it was proposed as a more sensitive marker
of mortality risk. Although reproductive history has not been examined
in relation to the Hannum and Levine clocks, an initial study using
Horvath’s clock suggests an association between increasing gravidity
and epigenetic age acceleration (Ryan et al. 2018).

While epigenetic clocks utilize small, a priori sets of CpGs, methyla-
tion at other CpGs throughout the genome may also be influenced
by reproduction. Compared to nulligravid women, there is some
evidence that women in early pregnancy have differential leukocyte
methylation, most often lower methylation (White et al., 2012). These
methylation changes may be stable during pregnancy and return to pre-
pregnancy levels postpartum (Chen et al., 2017; White et al., 2012).
However, some changes may be enduring; parous women and women
with earlier ages at first birth have been reported to have higher
global DNA methylation in adulthood (Terry et al., 2008). Whether
reproduction has long-term effects on methylation of specific genes
remains unknown.

The primary goal of this study is to determine whether reproductive
history is associated with biological age. Using an epigenome-wide
approach, we also explore broader associations between reproduction
and DNA methylation.

Materials and Methods

Study population

The Sister Study is a prospective cohort study of 50 884 women living
in the USA and Puerto Rico between 2003 and 2009 (Sandler et al.,
2017). To be eligible, women had to be between 35 and 75 years old,
could not have had breast cancer themselves and must have had a
biological sister who was diagnosed with breast cancer. At enrollment,
women donated a fasting blood sample and completed a computer-

assisted telephone interview. The interview included information on
demographics, physical characteristics, lifestyle factors (e.g. current and
past alcohol and tobacco use, current perceived stress) and reproduc-
tive history. In July 2014, a case-cohort sample of women was selected
for DNA methylation analysis to determine associations with breast
cancer risk. This sample was limited to non-Hispanic white women
with an available baseline blood sample. It included 2878 women:
1542 women were selected because they developed breast cancer
during the years after blood draw (average of 6 years to diagnosis)
and 1336 women were randomly selected from the full cohort (91 of
whom subsequently developed incident breast cancer, Data Release
6.0). Informed consent and blood samples were obtained during a
home visit. The study was approved by the institutional review boards
of the National Institute of Environmental Health Sciences and the
Copernicus Group and conforms to the Declaration of Helsinki for
Medical Research involving Human Subjects.

Reproductive history

At enrollment, women self-reported detailed information regarding
their reproductive history. Participants were asked about the total
number of pregnancies, pregnancy outcomes (i.e. live birth, still birth
and miscarriage) and their age at first birth. Among the women who
reported any live births, self-reported data were collected on whether
they ever experienced complications, which included abnormal bleed-
ing during pregnancy, gestational hypertension, preeclampsia/eclamp-
sia or abnormal glucose levels. For the latter, women were asked
the following: ‘Did you have pregnancy-related diabetes, an abnormal
glucose tolerance test, or were you told that you were borderline
during this pregnancy?’

DNA methylation processing and DNAm
age calculation

Details on the DNA methylation processing procedures have been
reported (O'Brien et al., 2018). Briefly, genomic DNA was extracted
from aliquots of whole blood samples in the NIEHS Molecular Genet-
ics Core Facility using an automated system (Autopure LS, Gentra
Systems) or at BioServe Biotechnologies LTD (Beltsville, MD) using
DNAQuik. From each sample, | pg of DNA was bisulfite-converted
in 96-well plates using the EZ DNA Methylation Kit (Zymo Research,
Orange County, CA). Methylation analysis was carried out at the
NIH Center for Inherited Disease Research at Johns Hopkins Uni-
versity (Baltimore, MD). Samples were tested for complete bisulfite
conversion, and converted DNA was analysed using lllumina’s Infinium
HumanMethylation450 BeadChip following the manufacturer’s proto-
col. High-throughput robotics was used to minimize batch effects.

For each CpG site, we calculated a fB-value, representing percent
methylation, based on each individual’s proportion of unmethylated
(V) and methylated (M) sites at a given locus: g =M/(U+ M+ 100).
Methylation data preprocessing and quality control was completed
using the ENmix R software package (Xu et al., 2016). This included the
following steps: reducing background noise with the ENmix method,
correcting fluorescent dye-bias using the RELIC method (Xu et al,
2017), quantile normalization to make overall array fluorescence inten-
sity distribution comparable between arrays and reducing Infinium | and
[l probe design bias using the Regression on Correlated Probes (RCP)
method (Niu et al., 2016). Of the 2878 methylation samples, 102
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were excluded due to data quality issues. We restricted the analysis to
autosomal CpGs. The Sister Study data can be requested via https://
sisterstudy.niehs.nih.gov/English/ coll-data.htm. Using the processed
DNAm data, DNAm age was calculated for the three epigenetic clocks
using CpG weights provided by the clock developers (Hannum et al.,
2013; Horvath, 2013; Levine et al., 2018).

Statistical analysis

Epigenetic age acceleration, for each of the three clocks, was cal-
culated using linear regression models by regressing DNAm age on
chronological age and predicting the residuals. This approach generates
age acceleration metrics that are independent of chronological age
and can be either positive (represented as older DNAm age than
chronological age) or negative. To avoid disproportional effects of
outliers, we excluded participants if the absolute value of any of their
age acceleration estimates was greater than four standard deviations
from the mean (n = 10) (Kresovich et al., 2019; White et al., 2019).

In the age acceleration analyses, we used linear regression models
to estimate association betas values and 95% Cls, treating the repro-
ductive characteristics as the independent variable and age accelera-
tion as the dependent variable. We first examined age acceleration
ordinally (per live birth) and categorically (women with only |, 2, 3
or 4+ live births, compared to nulliparous). In analyses of age at first
birth, parous women were categorized as < 20, 20-24, 25-29, 30—
34 and 35+ years where 25-29 years was treated as the referent
category. Associations with pregnancy complications, among parous
women, were tested comparing ‘never’ versus ‘ever’ experiencing
the complication.

For the genome-wide DNA methylation analysis, we used linear
regression models with robust standard errors. Percent DNA methyla-
tion B-values were logit-transformed to M-values to avoid issues with
statistical heteroscedasticity (Du et al., 2010). We adjusted for a priori
covariates, estimated blood cell proportion and technical variation,
including batch effects (Houseman et al., 2012). To correct for multiple
testing, we considered Bonferroni-corrected P-values and determined
statistical significance at P < 1.0 x 107. We further examined whether
significant CpGs overlapped with those used to calculate the epigenetic
age measures.

Model covariates for both the age acceleration and genome-wide
analyses were determined using a directed acyclic graph. All mod-
els were adjusted for early adulthood characteristics (i.e. relative
weight during teens compared to peers (reported as ‘lighter’, ‘about
the same’ or ‘heavier’) as well as smoking (pack years) and alcohol
use (drinks/week) before the age of 30). Among parous women, in
models exploring associations with age at first birth, we adjusted for
the previously listed covariates and total number of births. To test
whether the age acceleration associations were potentially mediated
by characteristics of later adulthood, we examined if the associations
changed after adjusting for current BMI (kg/m?), current alcohol intake
(drinks/week) and smoking (pack years) levels, highest educational
attainment (high school or less, attended college or advanced degree)
and current perceived stress (0—16 point scale). Participants were
excluded if they were missing parity or covariate information (parity, n
= I; early adulthood smoking, n = 7; early adulthood alcohol use, n =
401; or relative teenage weight, n = |) or had extreme age acceleration
estimates (n = 10). We conducted a complete case analysis with the

Table I Participant characteristics by parity (n= 2356).

Characteristic Nulliparous Parous
n =459 n= 1,897
Mean (SD)
Age (at blood draw, yrs.) 53.7.09) 57.0 (9)
Perceived stress (0-16 scale) 2.7 (3) 2.5(3)
Menarche age (yrs.) 12.6 (1) 12.7 (1)
Hormonal birth control use (yrs.) 7.0 (7) 6.3 (6)
Alcohol history (drinks/wk.)
<30yr. old 3.7 (4) 24 (4)
Last 12 months 4.0 (5) 3.4 (5)
Tobacco smoking (pack yrs.)
<30yr. old 4.3 (6) 33(5)
Lifetime 8.8 (14) 7.2 (13)
N (%)
Educational attainment
High school or less 37 (8) 308 (16)
Attended college 249 (54) 1,141 (60)
Advanced degree 173 (38) 448 (24)
Weight in teens (relative to peers)
Lighter 125 (27) 662 (35)
About same 230 (50) 916 (48)
Heavier 104 (23) 319 (17)
Body Mass Index (current, kg/m?)
Underweight/Normal (< 24.9) 190 (41) 758 (40)
Overweight (25-30) 152 (33) 619 (33)
Obese (30+) 117 (26) 518 (27)

Missing 2

Complications

Abnormal bleeding - 210 (11)
Gestational hypertension - 98 (5)
Preeclampsia/Eclampsia - 143 (8)
Abnormal glucose tolerance' - 13 (6)
Number of births
Zero 459 (100) -
Oone e 347 (18)
™wo e 878 (46)
Three 439 (23)
Four or more 233 (12)

"Includes gestational diabetes

Note: 6 women missing perceived stress; 2 women missing age at menarche; |3
missing birth control duration; 2 missing alcohol intakes in the last year; 2 missing
lifetime smoking behavior.

final sample size of 2356. All analyses were conducted using Stata
(version 14.2, College Station, TX) and R.

Results

In our sample population, 2046 of 2356 women (87%) reported a
previous pregnancy, of whom 1897 (93%) reported at least one live
birth. The mean age of at first birth was 25.1 (SD = 5.2), and the mean
number of births was 1.9 (SD = |.3). Parous women were significantly
older at blood draw, used birth control for a shorter duration, drank
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Figure | Scatter plots between chronological age and DNAm age estimated using the three epigenetic clocks and distributions
of the three age acceleration metrics. The scatter plots (top row) show the Pearson correlations. The distributions of the age acceleration metrics

(bottom row) include the mean and SD.

less alcohol, smoked less, were less likely to have attained an advanced
degree and were more likely to perceive themselves as weighing
the same or less than their peers during their teens compared to
nulliparous women (Table ). Among women who reported at least
one live birth, the most common self-reported complication was
abnormal bleeding during pregnancy (n = 210, |1%). As expected,
DNAm age estimates by all three epigenetic clocks were strongly cor-
related with chronological age (Fig. |, top row). The three epigenetic
age acceleration metrics all had approximate means of zero (Fig. I,
bottom row), and these were not associated with chronological age
(Supplemental Fig. SI).

In the minimally adjusted model, after accounting for weight (when
the subject was in their teenage years, relative to peers) and early
adulthood alcohol and smoking levels, we observed small increases in
epigenetic age acceleration per live birth for all three metrics (Hannum:
B = 0.16, 95% Cl = 0.02, 0.29, P= 0.03; Horvath: 8 = 0.12, 95%
Cl = —0.04, 0.27, P = 0.14; Levine: 8 = 0.27, 95% CI = 0.08, 0.45,
P = 0.01) (Fig. 2, top row). After additional adjustment for current
BMI and other potential mediators, the associations estimates were
partly attenuated, particularly for the Levine clock (per live birth;
Hannum: g = 0.12, 95% Cl = —0.02, 0.26, P = 0.09; Horvath: 8
= 0.10, 95% Cl= —0.06, 0.25, P = 0.23; Levine: B = 0.19, 95%
Cl= —0.00, 0.37, P = 0.05). When we examined associations by
number of births, although the Levine clock showed an increasing trend
with each additional birth, the Hannum and Horvath age acceleration
increases were predominantly observed among women with four or
more live births (Fig. 2, bottom row). Because of the case-cohort
study design a high proportion of women in our study sample went on
to be diagnosed with breast cancer. Additional adjustment for future
breast cancer diagnosis did not appreciably change the association

estimates (data not shown). Age at first birth was inversely associated
with the age acceleration estimates from all three clocks (Hannum
P-trend = 0.03; Horvath P-trend = 0.08; Levine P-trend = 0.15)
(Supplemental Fig. S2).

Because women who experience pregnancy complications have
higher risks of long-term adverse health events, we tested whether
pregnancy complications were associated with age acceleration.
Among parous women, we did not find strong associations with abnor-
mal bleeding, gestational hypertension or preeclampsia/eclampsia.
However, women who self-reported an abnormal glucose test or
gestational diabetes had higher age acceleration with both the Hannum
(B =0.96;95% Cl =0.10, 1.81; P =0.03) and Levine age acceleration
metrics (8= 1.69; 95% Cl = 0.54, 2.84; P < 0.01) (Table Il).

Using a genome-wide approach, we found |7 CpGs that were
differentially methylated and statistically significant after Bonferroni
correction (P < 1.0 x 107) (Fig. 3). At 13 (76%) of the significant sites,
increasing parity was associated with higher methylation (Table lI).
Parity had the strongest association with methylation in the pro-
moter region of the NGF gene (cg22354782, per live birth: § = 0.04,
P = 6.2 x 107%). We also observed higher methylation in the gene
bodies of PCDHAC2 (cg18991549: B = 0.02, P =7.1 x 10?) and SP8
(cg01003%61: B = 0.04, P = 1.1 x 10%). None of the differentially
methylated sites found in genome-wide analysis were components of
any of the three epigenetic clocks.

Discussion

Using three different epigenetic clocks to estimate biological age, we
find evidence that reproduction is weakly associated with epigenetic
age acceleration. In addition, the Hannum and Levine clocks were
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Figure 2 Epigenetic age acceleration associations with parity using three separate models. (Top row: treated ordinally. Bottom row:
live birth categories, relative to nulliparous women) Model | adjusts for weight in teens (relative to peers) and early adulthood alcohol and smoking
levels (n = 2356); model 2 additionally adjusts for current BMI (n = 2354); model 3 additionally adjusts for educational attainment, current alcohol use
and smoking and perceived stress (n = 2344).

Table Il Complications during pregnancies and age acceleration (n =1,897).

Hannum Horvath Levine
N (%) B (95% CI) p-value B (95% CI) p-value B (95% CI) p-value
Pregnancy complication
Abnormal bleeding 210 (1) -0.05 (-0.70, 0.60) 0.88 -0.13 (0.85, 0.59) 0.73 0.58 (-0.29, 1.45) 0.19
Gestational hypertension 98 (5) 0.63 (-0.28, 1.55) 0.18 0.43 (-0.59, 1.45) 0.41 0.70 (-0.53, 1.94) 0.26
Preeclampsia/Eclampsia 143 (8) 0.14 (-0.63, 0.90) 0.73 -0.22 (-1.07, 0.64) 0.62 0.55 (-0.48, 1.58) 0.30
Abnormal glucose tolerance' 113 (6) 0.96 (0.10, 1.81) 0.03 0.43 (-0.53, 1.38) 0.38 1.69 (0.54, 2.84) < 0.0l

'Includes gestational diabetes
Models adjusted for relative weight in teens (lighter, about same, heavier) and early adulthood smoking (pack yrs.) and alcohol use (drinks/wk.).

associated with a self-reported history of abnormal glucose tolerance. * age at first birth, such that later age at first birth was associated with
Women who ever reported an abnormal glucose tolerance test or . decreased epigenetic age acceleration. Finally, epigenome-wide analysis
gestational diabetes had a |- to 2-year increase in biological age. We . of 413652 CpGs identified |7 sites associated with increasing parity,
also observed an inverse association between age acceleration and . most notably in the promoter region of NGF, a growth stimulating
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(lighter, about same, heavier) and early adulthood smoking (pack yrs.) and alcohol use (drinks/wk.). There were |7 significant CpG sites, using a

Bonferroni-corrected P < 1.0 x 107 (solid black line).

Table IIl Genome-wide CpG sites associated with
increasing parity at Bonferroni significance (P < 1.0 x 107).

Marker Model coef. Gene Transcript P-value

€g22354782 0.035153  NGF NM_002506 6.2x10%
cg18991549 0.024485 PCDHAC2 NM_031883 7.1x10%
cg01003961 0.042774 sSP8 NM_182700 I.1x1070
cg08299045  -0.018750 MRPL55 NM_181465 1.3x 10708
cgl 1723848 0.026436 UNC5C NM_003728 1.4x 10708
cgl3320585  -0.018310 MIRI252 NR_031700 1.5x 10708
cg02172312 0.025002 CDH8 NM_001796 1.9% 10708
cg26650638 0.030679 LOCI46513  NR_038438 23x100%
cg00989492 0.025676 N.A. N.A. 4.1x10°®
cg24556441 0.035817 SYN3 NM_001135774 5.1x10%
cg09373037 0.024558 SYTI5 NM_I8I519 5.4x 1070
cg01138448  -0.017970 TRIM69 NM_182985 6.6x 107
cg07098902 0.023914  VSNLI/ NM_003385 8.3x 107
cg14909730 0.027713 TFAP2A NM_003220 9.5% 10
cg00688962 0.032648 KCNIP4 NM_147182 9.9% 107
cg13829550 0.025788 SYNDIGIL NM_001105579  1.0x 10"
cg07839457  -0.035600 N.A. N.A. 1.0x 10?7

Abbreviations: not applicable, N.A.

protein. Together, our findings suggest that reproductive history is
associated with modifications of blood DNA methylation and may
marginally increase biological age.

Epigenetic clocks were originally developed as predictors of chrono-
logical age and may be associated with age-related disease and mortality
risk (Chen et al., 2016; Marioni et al., 2015; Christiansen et al.,
2016; Perna et al., 2016). Recent studies have suggested that age
acceleration may be influenced by lifestyle factors (Irvin et al., 2018;
Quach et al,, 2017; Levine et al., 2018). Importantly, the epigenetic
clocks were developed using different procedures; the Hannum and
Horvath clocks were developed solely to predict chronological age.
In contrast, the Levine clock was designed to predict a previously
proposed biological age estimator, PhenoAge. The stronger association
estimates we observe with Levine’s clock may reflect the incorporation
of information related to inflammation, immune and metabolic function
in the PhenoAge estimate as these factors may be influenced by
reproduction.

Pregnancy is associated with extensive physiological changes. While
some changes may revert to pre-pregnancy levels postpartum, lasting
changes in metabolic and cardiovascular functions have been identified
and may increase the risk for adverse health events, particularly for
women reporting more than three live births (Kritz-Silverstein et al.,
1989; Gunderson et al., 2008; Gunderson et al., 2009; Lawlor et al.,
2003). Using all three epigenetic clocks, we show that increasing parity
is associated with nominal increases in age acceleration; our results are
consistent with an earlier report that used Horvath’s clock (Ryan et al.,
2018). Notably, we observed partial attenuation after adjustment
for BMI at blood draw, particularly for Levine’s clock. The partial
mediation of the reproduction and age acceleration associations by
current measures of body composition fits with prior studies that show
the association between increasing parity and coronary heart disease
and metabolic syndrome is partly, but not entirely, attenuated after
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adjustment for obesity (Lawlor et al., 2003; Gunderson et al., 2009).
These findings suggest returning to a healthy weight after pregnancy
may help mitigate some of the impact on biological aging.

To our knowledge, this is the first report of an association between
age acceleration and a history of abnormal glucose tolerance. Preg-
nancy may represent a medical stress test for maternal health and
complications during pregnancy are reported to have lasting health
consequences (Williams, 2003). For instance, women who are diag-
nosed with gestational diabetes or hypertension experience higher
rates of type-2 diabetes and cardiovascular events as well as increased
mortality risk (Lee et al., 2015; Lo et al., 2013; Kaufmann et al., 1995;
Sattar and Greer, 2002; Theilen et al., 2016). We found that women
who reported having abnormal glucose tolerance during pregnancy
had greater age acceleration using two of the three clocks, with
Levine’s clock showing the strongest association. As Levine’s clock was
developed to incorporate information related to serum glucose, we
suggest biological age measured using the Levine clock may be sensitive
to a history of metabolic dysfunction.

We also find evidence that reproductive history is associated with
long-term changes in blood DNA methylation at individual CpG
sites. There were |7 CpGs identified after Bonferroni correction,
of which a majority showed higher methylation; this observation
parallels a previous finding that, compared to nulliparous women,
parous women have higher levels of global methylation (Terry et al.,
2008). Our strongest finding for a single CpG was for higher
methylation at cg22354782, located in the promoter region of NGF.
This gene encodes a growth factor that has been implicated in cell
growth and differentiation (Aloe et al., 2016). Although there is limited
evidence linking this gene to reproduction, a previous report among
women diagnosed with multiple sclerosis found increasing parity was
associated with differential expression of UNC5C, SYN3 and KCNIP4
(Mehta et al., 2019). We observed differential methylation at CpGs
within these genes. Our findings offer additional evidence that specific
locations in the genome may undergo persistent changes resulting from
reproduction.

Although we found evidence that reproductive history has lasting
influences on DNA methylation, this study had limitations. First, it is
difficult to determine whether the associations with epigenetic age
acceleration are due to parity or the downstream consequences of hav-
ing children (e.g. reduced sleep, increased stress, etc.). After adjusting
for potential mediators, including current BMI, educational attainment,
alcohol and smoking behaviors and current perceived stress, associa-
tions were only partly attenuated suggesting some effect may be due
to parity itself. However, it is notable that the association estimates
were small, suggesting a minimal effect of reproduction on estimates of
biological age. Our study also depends on epigenetic age acceleration
metrics measured in blood. Although the Hannum and Levine clocks
were developed for use in blood, the Horvath clock was designed
to be used across tissues and associations may differ by tissue type.
For instance, obesity has been observed to increase epigenetic aging in
liver tissue, but not in blood (Horvath et al., 2014). We had detailed
information regarding behaviors in early adulthood that may influence
both reproductive history and DNA methylation, thereby limiting the
likelihood our results are the consequence of confounding. This study
is the first to identify lasting gene-specific methylation changes related
to parity and is the largest study of reproductive history and DNA
methylation to date.

In summary, we found evidence that reproductive history is associ-
ated with differences in blood DNA methylation decades after child-
birth. We also find that age acceleration was marginally increased for
women with a greater number of live births and was higher for women
who experienced abnormal glucose tolerance during pregnancy. These
findings suggest that a woman’s reproductive history is associated with
persistent epigenetic changes that may in turn be associated with future
health.

Supplementary data

Supplementary data are available at Human Reproduction online.
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