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Aim: Investigate associations of leisure time physical activity (LTPA) with DNA methylation and miRNAs
during pregnancy. Patients & methods: LTPA, candidate DNA methylation and circulating miRNAs were
measured (average 15 weeks gestation) in pregnant women (n = 92). Results: Each additional hour of
prepregnancy LTPA duration was associated with hypermethylation in C1orf212 (β = 0.137, 95% CI: 0.004–
0.270) and higher circulating miR-146b-5p (β = 0.084, 95% CI: 0.017–0.151). Each additional metabolic
equivalent hour of early-pregnancy LTPA energy expenditure was associated with higher circulating miR-
21-3p (β = 0.431, 95% CI: 0.089–0.772) in women carrying female offspring, and lower circulating miR-146b-
5p (β = -0.285, 95% CI: -0.528 to -0.043) and miR-517-5p (β = -0.406, 95% CI: -0.736 to -0.076) in women
carrying male offspring. Conclusion: Our findings suggest that LTPA may influence maternal epigenetic
biomarkers, possibly in an offspring sex-specific manner.
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Physical activity is recommended across the lifespan for its cardiovascular and metabolic benefits [1]. Physical activity
before and during pregnancy has been associated with lower risk of pregnancy complications, such as gestational
diabetes mellitus [2] and preeclampsia [3], and improved fetal growth [4,5]. Effects of physical activity on inflammation,
blood pressure control, lipid metabolism and glucose metabolism contribute to observed cardiovascular and
metabolic benefits in the general population [6] and among pregnant women [7,8]; however, specific mechanisms
are not well understood.

Previous studies have reported changes in epigenetic regulation of gene expression by DNA methylation and
miRNAs after physical activity [9,10]. Regions in genes involved in systemic or local inflammation [11] and glucose
metabolism [11,12] were differentially methylated in blood and skeletal muscle in response to an acute bout of
aerobic physical activity (one cycling session) [11] and long-term (6 months) aerobic physical activity interventions
(spinning, aerobics) [12] in adults. Changes in levels of circulating miRNAs involved in inflammatory pathways and
angiogenesis have also been observed after long-term physical activity interventions (cycling and rowing) among
healthy, physically active men [13,14]. Physical activity-related epigenetic changes during the perinatal period, a
period of major physiologic changes in the mother, have not been well studied. Recently, McCullough et al.
published the first, and to our knowledge the only, study of maternal physical activity during pregnancy and
epigenetic regulation of imprinted genes in newborn cord blood at birth [15]. In their study, physical activity during
pregnancy was associated with lower methylation in an imprinted region of PLAGL1. To our knowledge, previous
studies have not examined associations of maternal physical activity before or during pregnancy with peripheral
blood DNA methylation or circulating miRNAs in maternal blood.

Epigenomics (2018) 10(11), 1383–1395 ISSN 1750-1911 138310.2217/epi-2017-0169 C© 2018 Future Medicine Ltd



Research Article Badon, Littman, Chan et al.

Epigenetic regulatory mechanisms such as DNA methylation and miRNA levels may play important roles in
systemic physiological function and placental development and function [16,17]. Circulating epigenetic biomarkers
have previously been used to characterize pathophysiology of pregnancy complications [18,19] and adverse outcomes
(e.g., macrosomia [20]) in early pregnancy. Physical activity-associated epigenetic changes may also be useful
biomarkers for identifying high-risk women during pregnancy.

Placental and fetal growth responses to maternal behaviors and in utero exposures may be offspring sex-specific [21].
We have previously reported offspring sex-specific associations of maternal physical activity before and during
pregnancy with offspring birth size [5]. Therefore, effects of maternal physical activity on circulating epigenetic
biomarkers during pregnancy may also be differentially dependent on offspring sex.

The objective of this study was to examine associations of candidate epigenetic biomarkers (DNA methylation
and miRNA levels) in maternal peripheral blood with prepregnancy and early-pregnancy physical activity and
to determine if these associations differ by offspring sex. MiRNAs that have previously been associated with
pregnancy complications and mechanisms related to pregnancy complications were identified from the literature.
DNA methylation sites in genes that have been previously associated with environmental exposures and pregnancy
outcomes were also identified from the literature.

Methods
Study setting & study population
Data used in this study were collected as part of the Omega study, a prospective pregnancy cohort designed to
assess risk factors of pregnancy complications. Details about the study design have been published previously [22].
Briefly, pregnant women initiating prenatal care at clinics associated with Swedish Medical Center and Tacoma
General Hospital in Washington State were recruited from 1996 to 2008. Women were eligible to participate in
the Omega study if they were at least 18 years old, were able to speak and read English, initiated prenatal care prior
to 20 weeks gestation, and planned to carry the pregnancy to term and deliver at one of the two study hospitals.

The current study sampled from among Omega study participants included in a case–cohort study investigating
traffic-related air pollution and pregnancy complications. We included 100 randomly selected controls with healthy
pregnancies (without gestational diabetes, preeclampsia, preterm birth or low birthweight) in the current analysis.
Participants with missing prepregnancy or early-pregnancy leisure time physical activity (LTPA; n = 6), implausible
values for prepregnancy or early-pregnancy LTPA duration (>35 h per week; n = 1 for prepregnancy, n = 3 for
early pregnancy), or missing covariates (n = 1 missing gestational age at blood draw) were excluded. The Omega
study was approved by the institutional review boards of Swedish Medical Center and Tacoma General Hospital.
All participants gave written informed consent.

Data collection
Participants completed an in-person interview in early pregnancy (average 15 weeks gestation). Trained study
interviewers collected sociodemographic characteristics, reproductive and medical history, and physical activity
before and during early pregnancy. Maternal peripheral blood was collected shortly after enrollment in the study.
Participants were followed until delivery, and trained study personnel abstracted maternal medical records for
information on pregnancy outcomes. Prepregnancy BMI was calculated using reported height and prepregnancy
weight.

Leisure time physical activity
Prepregnancy physical activity was assessed in all participants using the following questions: ‘Which activities did
you participate in on a regular basis during the year before you became pregnant?’, and for each activity reported:
‘How many times per week?’, ‘How many months did you regularly participate in this activity?’, and ‘How much
time did you spend at the activity per episode?’. Participants were provided examples of LTPA including walking,
swimming, jogging, weightlifting, dance/aerobics, bicycling, hiking and yoga. Each activity reported was matched
to its metabolic equivalent (MET) value [23], a measure of energy expenditure of a physical activity defined as the
ratio of metabolic rate during a specific activity to a reference resting metabolic rate of 3.5 ml O2·kg-1·min-1. Total
duration of each LTPA reported was calculated and summed to obtain total LTPA duration per week. Energy
expenditure of each LTPA was calculated by multiplying each individual activity duration by its corresponding
MET value. Individual MET hours were summed to obtain average prepregnancy LTPA energy expenditure per
week.
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Early-pregnancy physical activity was similarly assessed. Total duration of each LTPA reported in the week
prior to the study interview was calculated and summed to obtain total early-pregnancy LTPA duration. Energy
expenditure of each LTPA was calculated, and individual MET hours were summed to obtain early-pregnancy LTPA
energy expenditure per week. Participants were categorized according to recommendations for moderate/vigorous
physical activity before and during pregnancy (not active, active <150 min per week, active ≥150 min per week).

Sample collection, preprocessing, DNA & RNA extraction
Maternal peripheral blood samples were collected at 16 weeks gestation, on average (interquartile range: 15–
17 weeks). After collection, samples were stored at 4◦C until processing. Maternal peripheral blood buffy coat
specimens were prepared from whole blood collected in early pregnancy. DNA, for methylation profiling, was
extracted from maternal buffy coat samples using the Gentra PureGene Cell kit for DNA preparations (Qiagen,
CA, USA). Approximately 200 μl of plasma was used for extracting small RNAs using the Exiqon miRCURY™
RNA Biofluids Isolation Kit (Exiqon, MA, USA). Integrity, purity and quantity of purified miRNA was assessed
using spectrophotometry and an Agilent 2100 Bioanalyzer capillary electrophoresis system (Agilent Technologies,
Inc., CA, USA).

Candidate DNA methylation site & miRNA selection & profiling, data processing & normalization
DNA methylation sites in genes that have been previously associated with environmental exposures and pregnancy
outcomes were identified from the literature: NSAF, NXN, MSGN1, C1orf212, NOS2A, H19, HSD11B2 and
F2. References for selected candidate DNA methylation sites are presented in Supplementary Table 1. Selected
candidate DNA methylation sites are presented in Supplementary Table 2. Genomic DNA (250–300 ng) was
bisulfide treated, using EpiTect Fast DNA Bisulfite Kit (Qiagen). Following cleanup of the converted product,
DNA was brought up to a concentration of 10 ng/μl and 20 ng of converted DNA was run in the Pyromark PCR
reaction as per manufacturer’s protocol (Qiagen). Each 25 μl PCR reaction consisted of 12.5 μl 2× PyroMark PCR
Master Mix (Qiagen), 5 pmol forward primer, 5 pmol reverse primer, 20 ng of bisulfite-treated DNA and water.
Thermocycling conditions were 15 min at 95◦C followed by 45 cycles of 30 s at 94◦C, 30 s at 56◦C and 30 s at
72◦C, with a final extension of 10 min at 72◦C. After visual determination of a single band on an agarose gel, 8 μl
of the PCR product was used in a Qiagen Q24 Pyrosequencing assay using the manufacturer’s protocol. Briefly,
the biotin-labeled amplicon was bound to streptavidin-coated sepharose beads. The product was then denatured
to remove unbound DNA and washed via a vacuum workstation. The resulting bound ssDNA was mixed with
sequencing primer, heated at 80◦C for 2 min and allowed to slowly cool. DNA methylation status was determined
on this final product using a Pyromark Q24 instrument. By detecting the intensity of light generated during each
nucleotide dispensation, the sequence information was collected. Final results were analyzed using Pyromark Q24
software.

MiRNAs that have previously been associated with pregnancy complications and mechanisms related to preg-
nancy complications were identified from the literature: miR-126-3p, -155-5p, -21-3p, -146b-5p, -210-3p, -222-3p,
-223-3p, -517-5p, -518a-3p and -29a-3p. References for selected candidate miRNAs are presented in Supplemen-
tary Table 1. We constructed a custom targeted panel of the candidate miRNAs and two control miRNA assays
using ExiqonLNA™ primers. Quantitative polymerase chain reaction (qPCR) was conducted in duplicate using
96-well qPCR plates. Reactions were run on an ABI PRISM 7000 real-time PCR machine (Applied Biosystems,
CA, USA), using default cycling conditions. An exogenous miRNA cel-miR-39 was added as a positive control for
technical factors including RNA extraction, complementary DNA synthesis and PCR amplification [24], and an
endogenous ‘housekeeping’ miRNA, miR-423-3p, was chosen for normalization, based on previous recommen-
dations [25]. We recorded threshold cycle (CT) values on two measurements per sample. Original plasma samples
were split, completely independent RNA preps were done, an independent RT reaction was performed for each
replicate, and each replicate was run on a different qPCR 96-well plate. CT values of duplicates differing by greater
than 0.2-times the standard deviation were retested, and replicates were averaged for analyses. Lab personnel were
blinded to physical activity. Data from miRNA qPCR arrays were imported into SDS Enterprise Software (V2.2.2,
Applied Biosystems) and CT values were calculated using a consistent thresholding value for each assay across all
plates. Raw CT values were scaled to values for cel-miR-39-3p. Then, ��CT values were expressed relative to
values of miR-423-3p and used in subsequent analyses.
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Table 1. Characteristics of Omega participants overall, by prepregnancy activity status and by early-pregnancy
activity status.
Characteristic Total (n = 92) Some prepregnancy

LTPA† (n = 80)
No prepregnancy
LTPA (n = 12)

Some
early-pregnancy
LTPA‡ (n = 69)

No early-pregnancy
LTPA (n = 21)

Maternal age (years), mean (SD) 33 (4) 33 (4) 33 (5) 33 (4) 33 (5)

Non-Hispanic white race, n (%) 77 (84) 67 (84) 10 (83) 58 (84) 17 (81)

At least high school education, n (%) 89 (97) 79 (99) 10 (83) 68 (99) 19 (90)

Married, n (%) 83 (90) 73 (91) 10 (83) 64 (93) 17 (81)

Prepregnancy BMI (kg/m2), mean (SD) 23 (4) 22 (4) 26 (6) 22 (4) 24 (5)

Nulliparous, n (%) 50 (54) 45 (56) 5 (42) 36 (52) 13 (62)

Gestational age at blood draw (weeks), mean (SD) 16 (3) 16 (3) 16 (2) 16 (3) 17 (2)

Smoked during pregnancy, n (%) 7 (8) 7 (9) 0 (0) 4 (6) 3 (15)

Infant birthweight, mean (SD) 3427 (508) 3384 (503) 3699 (467) 3421 (540) 3467 (363)

†Range: 0.1–30 h per week.
‡Range: 0.5–10.5 h per week.
LTPA: Leisure time physical activity; SD: Standard deviation.

Statistical analyses
Means and standard deviations (SD) were used to describe distributions of continuous variables. Frequencies
and percentages were used to describe distributions of categorical variables. Sociodemographic and pregnancy
characteristics were summarized overall, by prepregnancy physical activity and by early-pregnancy physical activity.
MiRNA CT values were log-transformed to achieve normal distribution. DNA methylation levels were normally
distributed.

Linear regression was used to examine associations of LTPA (continuous and categorized according to recommen-
dations) with levels of each candidate DNA methylation site and each candidate circulating miRNA, adjusting for
maternal age and gestational age at blood draw. Models were run separately for prepregnancy and early-pregnancy
physical activity. We also conducted sensitivity analyses with additional adjustment for prepregnancy BMI, smok-
ing, education and marital status. Two-way multiplicative interaction terms were used to assess interactions of
physical activity with offspring sex. Models were also run stratified by offspring sex. A two-sided alpha level of 0.05
was used for statistical significance in all analyses. All analyses were performed using SAS 9.4 (SAS Institute, Inc.,
NC, USA).

Results
Eighty-six percent of participants reported some prepregnancy LTPA (range: 0.1–30 h per week) and 73% reported
some early-pregnancy LTPA (range: 0.5–10.5 h per week) (Table 1). Women who reported some prepregnancy
LTPA and women who reported some early-pregnancy LTPA were more likely to have at least a high school
education, be married and have a lower prepregnancy BMI.

Each additional hour (duration) or MET hour (energy expenditure) of prepregnancy moderate/vigorous LTPA
was associated with hypermethylation of a site in C1orf212 (β = 0.137, 95% CI: 0.004–0.270; p = 0.05 and
β = 0.030, 95% CI: 0.001–0.059; p = 0.05, respectively; Table 2). Associations of prepregnancy physical activity
with levels of DNA methylation in C1orf212 were similar in women who delivered male and female offspring (all
interaction p-values >0.05; Supplementary Table 3).

Early-pregnancy LTPA was not associated with levels of DNA methylation in candidate genes among all
participants, however, associations of early-pregnancy LTPA energy expenditure with DNA methylation levels of
sites in NOS2A and HSD11B2 differed by offspring sex (interaction p-value = 0.08 and 0.05, respectively; Figure 1
and Supplementary Table 4). Each additional MET hour of early-pregnancy physical activity energy expenditure
was marginally associated with hypermethylation of sites in NOS2A and HSD11B2 (β = 0.272, 95% CI: -0.036–
0.580; p = 0.08 and β = 0.287, 95% CI: -0.032–0.605; p = 0.08, respectively) among women who delivered female
offspring, but not among women who delivered male offspring (corresponding estimates: β = 0.044, 95% CI:
-0.131–0.218; p = 0.62 and β = -0.072, 95% CI: -0.295–0.152; p = 0.52, respectively).

Each additional hour (duration) or MET hour (energy expenditure) of prepregnancy moderate/vigorous LTPA
was associated with higher circulating levels of miR-146b-5p (β = 0.084, 95% CI: 0.017–0.151; p = 0.02 and
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Figure 1. Associations of early-pregnancy physical activity with DNA methylation by offspring sex.

β = 0.017, 95% CI: 0.001–0.033; p = 0.03, respectively; Table 3). Prepregnancy physical activity duration and
energy expenditure were also marginally associated with higher circulating levels of miR-222-3p (β = 0.074, 95% CI:
-0.002–0.150; p = 0.07 and β = 0.017, 95% CI: 0.001–0.033; p = 0.06, respectively). Associations of prepregnancy
physical activity with circulating levels of miR-146b-5p and miR-222-3p were similar in women who delivered
male and female offspring (all interaction p-values >0.05; Supplementary Table 5).

Early-pregnancy LTPA was not associated with levels of circulating miRNAs among all participants, however,
associations of early-pregnancy LTPA energy expenditure with circulating levels of miR-146b-5p, miR21-3p
and miR517-5p differed by offspring sex (interaction p-value = 0.09, 0.003 and 0.05, respectively; Figure 2 &
Supplementary Table 6). Each additional MET hour of early-pregnancy physical activity energy expenditure was
associated with lower circulating levels of miR-146b-5p and miR-517-5p (β = -0.285, 95% CI: -0.528 to -0.043;
p = 0.02 and β = -0.406, 95% CI: -0.736 to -0.076; p = 0.02, respectively) among women who delivered male
offspring, but not among women who delivered female offspring. Each additional MET hour of early-pregnancy
physical activity energy expenditure was associated with higher circulating levels of miR-21-3p (β = 0.431, 95%
CI: 0.089–0.772; p = 0.02) among women who delivered female offspring, but not among women who delivered
male offspring. There was evidence for interaction of early-pregnancy physical activity duration with offspring sex
on circulating levels of miR-21-3p and miR-517-5p (interaction p-value = 0.04 and 0.06, respectively) and of
early-pregnancy physical activity energy expenditure with offspring sex on circulating levels of miR-126-3p, miR-
155-5p, miR-222-3p and miR-223-3p (interaction p = 0.04, 0.02, 0.05 and 0.04, respectively), though offspring
sex-stratified estimates were not statistically significant.

Results were similar after adjustment for prepregnancy BMI, smoking, education and marital status. Prepregnancy
or early-pregnancy physical activity, categorized according to recommendations for physical activity issued by the
American College of Obstetricians and Gynecologists, was not associated with candidate DNA methylation or
circulating miRNA level (Supplementary Tables 7 & 8).
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Figure 2. Associations of early-pregnancy physical activity with candidate miRNAs by offspring sex.

Discussion
In the current study, prepregnancy LTPA was associated with hypermethylation at sites in C1orf212, and higher
circulating levels of miR-146b-5p among all participants. We also observed marginally significant associations
of prepregnancy physical activity with higher circulating levels of miR-222-3p among all participants. We ob-
served marginally significant associations of early-pregnancy LTPA with hypermethylation at sites in NOS2A and
HSD11B2 and significant associations of early-pregnancy physical activity with higher circulating levels of miR-21-
3p among women who delivered female offspring. We also observed associations of early-pregnancy physical activity
with lower circulating levels of miR-146b-5p and miR-517-5p among women who delivered male offspring.

A previous study of maternal physical activity during pregnancy and epigenetic regulation in newborn cord blood
also found associations of physical activity and DNA methylation. McCullough et al. found associations between
total maternal physical activity and methylation of an imprinted region of PLAG1 associated with fetal growth [15].
The study was nested within the Newborn Epigenetic Study, based in Durham County, NC, USA. Newborns of
women in the highest quartile for total self-reported physical activity during pregnancy had 1.5% (absolute) lower
methylation of PLAGL1 compared with newborns of women in the lowest quartile (p for trend = 0.01). This study
did not assess interaction of maternal physical activity during pregnancy with offspring sex. Unlike the study by
McCullough et al., we assessed methylation in maternal blood, not in newborn cord blood. We did find potential
sex-specific associations of early-pregnancy moderate/vigorous physical activity with candidate DNA methylation
and miRNA levels in maternal blood.

For observed associations of prepregnancy physical activity with candidate DNA methylation sites and miRNAs,
associations were similar for physical activity duration and energy expenditure. For observed sex-specific associations
of early-pregnancy physical activity with candidate DNA methylation sites and miRNAs, associations were mostly
limited to energy expenditure. Physical activity energy expenditure considers intensity of the physical activity in
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addition to duration. In early pregnancy, intensity may play a stronger role in associations of physical activity with
epigenetic biomarkers than before pregnancy.

Reports from previous studies in nonpregnant populations have indicated changes in levels of circulating miR-
146, miR-222 and miR-21 in response to physical activity. In active men, acute aerobic physical activity was
associated with upregulation of miR-21; sustained aerobic physical activity was associated with downregulation of
miR-21 and upregulation of miR-146a; and, both acute and sustained aerobic physical activities were associated
with upregulation miR-222 [13,14]. In another study of male athletes, Wardle et al. reported that endurance
athletes (defined as those engaging in long-term aerobic physical activity) had higher levels of circulating miR-222
than nonexercising controls, whereas strength trained athletes had lower levels of miR-222 than nonexercising
controls [26]. Wardle et al. also observed greater circulating levels of miR-146a and miR-21 in endurance athletes
compared with strength trained athletes. Our results suggest that previously reported changes in circulating miR-
146, miR-222 and miR-21 in male athletes in response to long-term aerobic physical activity may also be present
in pregnant women in relation to LTPA. To our knowledge, physical activity and DNA methylation in C1orf212,
NOS2A or HSD11B2 or levels of circulating miR-517 have not previously been studied.

Genetic polymorphisms in NOS2A and HSD11B2 have been associated with spontaneous preterm birth [27] and
preeclampsia [28–30]. Methylation of the placental HSD11B2 promoter has been associated with fetal growth [31].
To our knowledge, C1orf212 has not been previously associated with pregnancy-related outcomes as no prior
studies have evaluated associations between C1orf212 and pregnancy-related conditions. C1orf212 may play a role
in the development of gestational hypertension, as C1orf212 is regulated by miR-520h, which is involved in the
pathogenesis of gestational hypertension [32]. C1orf212 has also been associated with air pollution, a risk factor for
pregnancy complications [33].

Targets of miR-146b include genes associated with inflammation (NFKB1, TRAF6), cell cycle regulation
(CDKN1A), apoptosis (TRAF6) and extracellular matrix degradation (MMP16) [34]. Targets of miR-222 also
include genes associated with cell cycle regulation (CDKN1B, CDKN1C), apoptosis (STAT5A, FOXO3) and extra-
cellular matrix degradation (MMP1) [34]. Targets of miR-21 include genes associated with amino acid biosynthesis
(MAT2A, MAT2B) [34]. Targets of miR-517 include genes associated with DNA methylation (KDM5A), protec-
tion from apoptosis (DNAJB9), muscular growth (FOXO1), RNA interference and transcriptional gene silencing
(AGO1), and inflammation (SAMD9L) [34]. These pathways play important roles in the normal progression of
pregnancy. miR-222, miR-21 and miR-517 have also been related to pregnancy complications (miR-222, miR-21
and miR-517 with preeclampsia [35–37]) and fetal growth (miR-21 with macrosomia [38] and miR-517 with growth
restriction [39]).

Higher levels of circulating miR-21 were associated with a greater level of DNA methylation at sites in C1orf212,
NOS2A and HSD11B2 (Supplementary Table 9). Associations between circulating miR-146b and DNA methyla-
tion sites in C1orf212 were marginal. Levels of circulating miR-222 and miR-517 were not associated with levels of
DNA methylation in any candidate genes. These findings suggest potential regulatory relationships between DNA
methylation and circulating miRNAs. However, due to the cross-sectional nature of these analyses, future studies
are needed.

Sex-specific associations of HSD11B2 methylation and expression in relation to maternal exposures have been
reported in rodent models and human placentas. In a study of folic acid supplementation during pregnancy,
increased methylation of a site in HSD11B2 was observed in placentas of female, but not male, fetuses of folic
acid supplemented pregnant rats [40]. Glucocorticoid exposure during pregnancy in mice increased HSD11B2
expression in placentas of female fetuses only [41]. In humans, placental HSD11B2 activity was greater in response
to prenatal glucocorticoid exposure (bethamethasone treatment) in female, compared with male, infants [42].
Placental HSD11B2 converts maternal cortisol to its inactive form, cortisone, acting as a barrier to protect the
fetus from high levels of maternal glucocorticoids [43]. Methylation of the HSD11B2 gene promoter, which results
in reduction of HSD11B2 expression, has been associated with intrauterine growth restriction [31]. The sex-specific
association of early-pregnancy physical activity with methylation of sites in HSD11B2 observed in this study was
also limited to female fetuses. This suggests female fetuses may be more sensitive to changes in pathways related to
maternal stress response, with subsequent implications for intrauterine growth. To our knowledge, no prior studies
have evaluated sex-specific associations of maternal exposures and NOS2A methylation or expression. NOS2A
polymorphisms have been associated with preeclampsia risk [29,30]. Previous studies have also reported an increased
risk of preeclampsia in women carrying female fetuses [44,45]. The sex-specific association of early-pregnancy physical
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activity with NOS2A methylation observed in this study suggests maternal exposures may affect pathways related
to immune response, in a sex-specific manner, with implications for preeclampsia.

Sex-specific associations of circulating levels of miR-146b, miR-21 and miR-517 with gestational diabetes
have been reported. Greater maternal circulating levels of miR-146b, miR-21 and miR-517 were associated with
gestational diabetes among women who delivered male offspring only [46]. We observed associations of maternal
early-pregnancy physical activity with lower levels of miR-146b and miR-517 among women who delivered
male offspring, and with higher levels of miR-21 among women who delivered female offspring. These results
suggest that regulation of miR-146b and miR-517 may be one mechanism through which physical activity
reduces the risk of gestational diabetes in women carrying male offspring. Lower levels of miR-146b and miR-517
may decrease inflammation, as targets of miR-146b and miR-517 include genes involved in pathways related to
inflammation (NFKB1, TRAF6, SAMD9L) [34]. Reducing inflammation may reduce the risk of gestational diabetes,
since gestational diabetes is a proinflammatory state [47]. Our results also suggest that mechanisms linking maternal
physical activity during pregnancy with reduced risk of gestational diabetes may be different in women carrying
male or female offspring, possibly through pathways involving other target genes of miR-146b and miR-517,
such as cell cycle regulation (CDKN1A), extracellular matrix degradation (MMP16), DNA methylation (KDM5A),
protection from apoptosis (DNAJB9), muscular growth (FOXO1) and RNA interference and transcriptional gene
silencing (AGO1) [34].

Identifying circulating epigenetic biomarkers linking maternal physical activity with pregnancy complications
and fetal growth may be useful for identifying women at high risk for pregnancy complications. Circulating
miRNAs and DNA methylation in maternal peripheral blood, which are easily accessible and routinely collected
during prenatal care, may be noninvasive biomarkers for early detection of systemic (tissue non-specific) or local
(tissue-specific, such as placental) pathophysiologic processes. For instance, previous studies have identified placenta-
specific epigenetic biomarkers in maternal blood [48], suggesting that epigenetic biomarkers from the placenta may
be released or leak into maternal circulation during pregnancy.

Strengths of our study include assessment of perinatal physical activity in two time periods, before and during
pregnancy, consideration of multiple types of epigenetic mechanisms of gene regulation (DNA methylation and
miRNA level), and evaluation of sex-specific associations. We also confirmed the stability and suitability of our
choice of miR-423 for normalization using a combination of three algorithms (geNorm [49], Normfinder [50] and
Coefficient of Variation score) recommended for identifying miRNAs for normalization [24]. On the other hand,
the candidate approach we used for selecting DNA methylation sites and circulating miRNAs of interest limited our
capacity to identify novel DNA methylation sites or circulating miRNAs that have not been previously characterized.
High-throughput sequencing can be used in future research to identify additional DNA methylation sites and
circulating miRNAs that are associated with prepregnancy or early-pregnancy physical activity. The predictive
capabilities of identified epigenetic biomarkers should also be evaluated in future research. Future research should
also investigate the role of identified DNA methylation sites and miRNAs in associations of physical activity with
pregnancy outcomes in more detail. We measured epigenetic biomarkers at one time point during pregnancy, so
we are unable to assess longitudinal changes in epigenetic biomarkers across pregnancy. Future research should
measure epigenetic biomarkers at multiple time points during pregnancy. Due to the relatively small size of our
study, we had low statistical power. Although we used a candidate approach, type I error may explain our observed
results. In sensitivity analyses, results were similar after adjustment for prepregnancy BMI, smoking, education
and marital status (data not shown), suggesting that these variables were not strong confounders of observed
associations. Self-report of LTPA may have introduced misclassification into our study. A similar interviewer-
administered physical activity questionnaire had moderate to good validity compared with accelerometer data
(Spearman correlation coefficient: 0.12–0.24) and good reliability (intraclass correlation coefficient: 0.82) for
moderate to vigorous physical activity recall in early pregnancy for all domains of physical activity [51]. Our study
population was composed of predominantly active, educated, white women and results of our study may not
generalize to less active, more racially diverse populations.

Conclusion
In summary, overall, we observed associations of maternal prepregnancy or early-pregnancy physical activity with
circulating miRNAs and peripheral blood DNA methylation. We also observed that these associations may differ
by offspring sex. Our findings suggest that maternal physical activity may influence epigenetic regulation of genes
involved in pathways that have been linked to pregnancy complications in an offspring sex-specific manner. Larger
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studies of differences in physical activity-related epigenetic regulation by offspring sex in the perinatal period
are warranted. Findings from such studies will enhance understanding of mechanisms underlying associations of
maternal physical activity with pregnancy complications and fetal growth.

Summary points

• Physical activity-related epigenetic changes during the perinatal period, a period of major physiologic changes in
the mother, have not been well studied. To our knowledge, previous studies have not examined associations of
maternal physical activity before or during pregnancy with peripheral blood DNA methylation or circulating
miRNAs in maternal blood.

• In our study, prepregnancy leisure time physical activity was associated with hypermethylation at sites in
C1orf212 and higher circulating levels of miR-146b-5p in maternal peripheral blood during early–mid pregnancy.

• We observed marginally significant associations of prepregnancy physical activity with higher circulating levels of
miR-222-3.

• We observed marginally significant associations of early-pregnancy leisure time physical activity with
hypermethylation at sites in NOS2A and HSD11B2 and significant associations of early-pregnancy physical activity
with higher circulating levels of miR-21-3p among women who delivered female offspring.

• We observed associations of early-pregnancy physical activity with lower circulating levels of miR-146b-5p and
miR-517-5p among women who delivered male offspring.

• Our findings suggest that maternal physical activity may influence epigenetic regulation of genes involved in
pathways that have been linked to pregnancy complications in an offspring sex-specific manner.
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