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Abstract 

Background:  Women with a history of complications of pregnancy, including hypertensive disorders, gestational 
diabetes or an infant fetal growth restriction or preterm birth, are at higher risk for cardiovascular disease later in life. 
We aimed to examine differences in maternal DNA methylation following pregnancy complications.

Methods:  Data on women participating in the Young Finns study (n = 836) were linked to the national birth regis-
try. DNA methylation in whole blood was assessed using the Infinium Methylation EPIC BeadChip. Epigenome-wide 
analysis was conducted on differential CpG methylation at 850 K sites. Reproductive history was also modeled as a 
predictor of four epigenetic age indices.

Results:  Fourteen significant differentially methylated sites were found associated with both history of pre-eclampsia 
and overall hypertensive disorders of pregnancy. No associations were found between reproductive history and any 
epigenetic age acceleration measure.

Conclusions:  Differences in epigenetic methylation profiles could represent pre-existing risk factors, or changes that 
occurred as a result of experiencing these complications.
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Background
Pregnancy is a window to later-life health. Pregnancy 
complications such as gestational diabetes, hypertensive 
disorders (gestational hypertension and pre-eclampsia), 
fetal growth restriction (measured as small-for-gesta-
tional-age or low birthweight), and preterm birth predict 
cardiovascular morbidity and mortality [1–3]. Higher 
parity is also associated with cardiovascular disease risk 
[4]. Other body systems, including the immune and 
musculoskeletal systems, also show long-term altera-
tions after pregnancy [5, 6]. In addition, it has been sug-
gested that reproductive life history contributes to aging. 
Very high parity and adolescent pregnancy have been 

associated with increased disability [7, 8], worse physical 
role functioning [9, 10] and physical decline [10, 11].

It is unclear whether pregnancy complications reveal a 
pre-existing high baseline, or induce changes that lead to 
later disease [12]. The physiologic demands of pregnancy 
may merely act as a stress test, revealing underlying pre-
dispositions for vascular and endothelial dysfunction or 
unmasking sub-clinical disease [13]. On the other hand, 
it is possible that pregnancy complications reprogram 
the cardiovascular system and put women on a trajec-
tory for development of disease [14]. One mechanism 
by which pregnancy complications could contribute to 
later-life health is by altering epigenetic markers that 
affect cardiovascular function. Epigenetic markers, par-
ticularly changes or differences in DNA methylation, are 
associated with cardiometabolic outcomes [15], lipopro-
tein metabolism [16], and subclinical atherosclerosis, 
i.e., carotid intima-media thickness [17]. Such changes 
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in methylation may persist after exposure to a risk factor 
and lead to changes in gene expression that contribute to 
the progression of cardiovascular disease over time.

Recently, combined sets of epigenetic markers have 
been developed to measure aging [18, 19], but only a 
few studies have linked these epigenetic clocks with 
reproductive history. A study of young Filipina women 
(n = 397) found that methylation age (measured with 
the Horvath calculation) increased with gravidity [20], 
and among white non-Hispanic U.S. women in the Sister 
Study (n = 2356), there was a small association between 
number of births and epigenetic age, measured with 
three epigenetic clocks [21]. A small study indicated that 
pregnancy to postpartum was associated with a reduc-
tion in epigenetic age [22]. The Sister Study also found 
that women with a history of abnormal glucose tolerance 
during pregnancy had increased epigenetic age by the 
Hannum and Levine clocks [21], though no associations 
were found with hypertensive disorders of pregnancy. 
Maternal epigenetic age was also found to be associated 
with shorter gestational length and lower birthweight in 
one study of 77 diverse California women [23].

While epigenetic studies have found associations 
between experiencing pregnancy complications in utero 
and methylation in placental, cord blood, and childhood 
tissue samples [24], few studies have examined later-life 
methylation in the mother, which could indicate possible 
long-term effects of these complications on health. We 
examined whether history of pregnancy complications 
was associated with whole blood DNA methylation later 
in life, using an epigenome-wide association study in the 
Young Finns study.

Methods
Study population
The methods for the Young Finns study have been 
described in detail previously [25]. Briefly, 3596 chil-
dren and adolescents (1832 girls) aged 3–18  years, ran-
domly chosen from population registers, were enrolled 
in 1980. Follow-up assessments were conducted every 
three years between 1980 and 1992, and then in 2001 and 
2007. Retention rates for women were 81% in 1983, 72% 
in 1986, 68% for clinical examinations in 2001, and 66% 
for 2007. There was no difference in baseline cholesterol, 
blood pressure, or BMI between those lost to follow-up 
and those continuing to participate [25].

Reproductive history
Data from the cardiovascular study cohort were merged 
with the Finnish national birth registry. The birth regis-
try contains information on every birth in Finland since 
1987, including data on the pregnancy. Of the 1832 

women originally enrolled in the Young Finns study, 
1316 had at least one singleton birth in the registry.

Reproductive outcomes were largely considered in 
three areas: parity, birth outcomes, and pregnancy 
complications. Parity was assessed as the number of 
births in the registry. The birth registry data include 
direct reports of some medical information, as well as 
up to 10 spaces to record diagnoses using ICD-9 and 
ICD-10 codes. Pre-eclampsia was defined as a recorded 
diagnosis of eclampsia (n = 1) as well as ICD-9 codes 
6424–6427 and ICD-10 codes O11, O12, O14, and 
O15. Overall hypertensive disorders of pregnancy were 
defined as any hypertensive disorder specified as hav-
ing begun during pregnancy (ICD-9 codes 6423–6427, 
ICD-10 codes O12-O15). Gestational diabetes (GDM) 
was defined as failing a glucose tolerance test, ICD-9 
code 6488, or ICD-10 code O24. Preterm birth was 
defined as birth at < 37  weeks’ gestation, low birth-
weight as birthweight < 2500  g, and small-for-ges-
tational-age as weight below the 10th percentile for 
gestational age, with percentiles based on this study 
population.

Epigenetic analysis
DNA Methylation profiling and pre‑processing
Whole blood (maternal) DNA of the YFS cohort 
(n = 1529 total from year 2011–12; 836 were included 
in the analysis of parity and 638 of pregnancy compli-
cations. Mean time between first birth and epigenetic 
measure 13.9  years; mean time between last birth 
and epigenetic measure 9.4  years) was obtained from 
EDTA-blood samples using a Wizard® Genomic DNA 
Purification Kit (Promega Corporation, Madison, WI, 
USA) according to the manufacturer’s instructions. 
Genome-wide DNA methylation levels were obtained 
using Infinium MethylationEPIC array according to 
the protocol by Illumina. All the analyzed samples 
have sum of detection p-values across all the probes 
less than 0.01. Logged (log2) median of methylated and 
unmethylated intensities of the analyzed samples clus-
tered well visually. Further, samples for which reported 
sex did not match the predicted sex were excluded 
(n = 2). Background subtraction and dye-bias normali-
zation was performed via noob method [26] followed 
by stratified quantile normalization. Probes with detec-
tion p-value more than 0.01 in 99% of the samples were 
filtered out. All pre-processing steps were performed 
using functions implemented in minfi R/Bioconductor 
package [27]. Batch effects were controlled by includ-
ing the first 30 control probe-based principal compo-
nents[28]; we also excluded cross-reactive probes and 
probes with SNPs [29, 30].
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Statistical analysis
Outcomes for all pregnancies prior to the visit with the 
epigenetic measure were combined for a summary vari-
able indicating history of that complication. Multiple 
linear regression analysis with methylation beta values 
as outcome and reproductive factors as predictor was 
performed in R statistical software (v.3.5.1) [31]. The 
analysis was adjusted with parity, age, sex, body mass 
index (BMI), smoking, whole blood cell proportions 
estimated with Houseman method [32] and the first 30 
principal components of control probes to control for 
technical covariates. We used a genome-level threshold 
(p < 5 × 10−8) as the criterion for significance. We also 
examined whether the differentially methylated CpG sites 
were enriched or depleted from specific genomic regions 
related to CpG islands or genes using a hypergeometric 
test with the phyper function in R. Annotation of CpG 
sites was based on information provided by Illumina. 
Biological pathways associated with the significant CpG 
sites were tested using Gene Ontology categories (GO) 
as well as Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways with a test based on Wallenius’ non-
central hypergeometric distribution implemented in 
missMethyl R package [33].

Several indices of methylation age have been devel-
oped to reflect overall aging. Methylation age was mod-
eled as an outcome with parity and history of pregnancy 
complications as predictors. We examined the Hannum 
[34], Horvath [18], PhenoAge [35], and GrimAge [36] 
age acceleration (residual difference of chronological and 
epigenetic age), all of which were calculated according to 
published methods. We additionally controlled for age 
at first birth, age at most recent birth, BMI in 2001, and 
parity (for analyses other than parity). All covariates were 
chosen as factors with strong biological relationships 
with reproductive complications.

The Young Finns study was approved by the local ethi-
cal committees (1st Ethical Committee of the Hospital 
District of Southwest Finland, Regional Ethics Commit-
tee of the Expert Responsibility area of Tampere Uni-
versity Hospital, Helsinki University Hospital Ethical 
Committee of Medicine, The Research Ethics Committee 
of the Northern Savo Hospital District and Ethics Com-
mittee of the Northern Ostrobothnia Hospital District) 
of the participating sites (ETMK: 88/180/2010).

Results
The study population is described in Table  1. Approxi-
mately 20% (165) of women had no births recorded 
in the registry, while 20% (166) had one birth, and 60% 
(505) had two or more. One hundred and two (13%) were 
smokers in 2011.

No significant associations were found between 
methylation of any CpG sites and parity or preterm 
birth (Additional file  1: Fig S1). A history of low birth-
weight was associated with alterations in cg26757524 
(beta − 0.01457, SE  0.0226, p = 3.83 × 10−8), within cod-
ing region of gene APPL2 in chromosome 12, a gene 
related to the cell proliferation, immune response, and 
cell metabolism. No other sites were found to be signifi-
cantly associated.

History of pre-eclampsia was associated with both 
hyper- and hypomethylation at several sites (n = 206) 
(Table  2, Additional file  1: Table  S1), as was history of 
gestational hypertension (Table  3, n = 31, Additional 
file 1: Table S2). Fourteen CpG sites met the significance 
criterion for both outcomes (starred in Tables 2 and 3): 
cg16202187 in HAUS8 (chromosome 19, protein cod-
ing gene), cg05583353 in AC092652.1 (chromosome 
2), cg10918328 in LINC00391 (chromosome 13, RNA 
gene), cg24141991 in RNF26 (chromosome 11, pro-
tein coding—endosome organization), cg14453326 in 
DDX55 (chromosome 12, protein coding—RNA heli-
cases), cg13709211 in MEG3 (chromosome 14, RNA 
gene), cg23834489 PSMD3 (chromosome 17, protein 
coding), and five sites not associated with a coding 
region (cg26460602 and cg08112740, chromosome 19; 
cg05223360, chromosome 1; cg05080811, chromosome 
22; cg17324671, chromosome 2). Lambda was very close 
to 1, which suggests lack of inflation and no more false 
positives than expected (Additional file 1: Fig S2). No bio-
logical pathways met the criteria for significance (Addi-
tional file 1: Table S3). For pre-eclampsia, the significant 

Table 1  Women with methylation data in the Cardiovascular 
Risk in Young Finns Study

* Visit nearest to age 18

N %

Parity

0 165 19.7

1 166 19.9

2 +  505 60.4

Smoking in 2011 102/798 12.8

Preterm birth 63/671 9.4

Low birthweight 36/671 5.4

Hypertensive disorder 63/671 9.4

Pre-eclampsia 9/671 1.3

Gestational diabetes 50/671 7.5

Mean SD

Age at epigenetic measure 41.4 5.0

Age at first birth 27.5 5.0

BMI at age 18* 21.8 2.9

BMI at epigenetic measure 26.5 5.1
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hits were depleted from CpG island shores (p = 0.007). 
Among the gene regions, there was enrichment of signifi-
cant hits in the gene body (p = 0.02) and also enrichment 
in TSS200 (200 nucleotides upstream of transcription 
start site, p = 0.03), but depletion in TSS1500 (200–1500 
nucleotides upstream from TSS, p = 0.03). For preg-
nancy-induced hypertension, there was no enrichment/
depletion detected, probably due to the very small num-
ber of significant hits.

Pre-eclampsia is strongly associated with later-life 
blood pressure, and (oddly) inversely associated with 
smoking [37]. We examined previous analyses of DNA 
methylation for high blood pressure [38] and smoking 
[39] in this cohort, and did not identify any overlap-
ping differentially methylated sites (Additional file  1: 
Table S4).

No methylation sites were associated with GDM at a 
high enough level to meet the significance criterion; the 
ten sites most strongly associated are listed in Table  4. 
No associations were found between parity or history of 
pregnancy complications and any of the epigenetic age 
acceleration measures examined (Table 5).

Table 2  CpG sites with differential methylation in women with a history of pre-eclampsia. Top 20 most significant CpG sites. CpG sites 
that met the genome-wide significance criterion (p < 5 × 10−8) for both pre-eclampsia and gestational hypertension (starred*)

CpG Beta SE p-value Chromosome Gencode basic name

cg16202187* 0.021 0.002 5.75 E − 25 chr19 HAUS8

cg05583353*  − 0.048 0.005 1.02 E − 22 chr2 AC092652.1

cg10918328* 0.042 0.004 1.16 E − 21 chr13 LINC00391

cg26460602*  − 0.059 0.006 1.39 E − 18 chr19

cg03942922  − 0.054 0.006 5.81 E − 18 chr6 C6orf130

cg24936032 0.059 0.007 6.31 E − 18 chr5 HINT1

cg24141991*  − 0.045 0.005 1.48 E − 17 chr11 RNF26;RP11-334E6.10

cg23567310  − 0.058 0.007 2.47 E − 17 chr3 YEATS2-AS1

cg11835785  − 0.062 0.007 8.79 E − 17 chr19 KDM4B

cg08112740*  − 0.077 0.009 1.13 E − 16 chr19

cg07904329 0.054 0.006 1.57 E − 16 chr11

cg14453326* 0.044 0.005 1.89 E − 16 chr12 DDX55

cg13709211*  − 0.093 0.011 2.15 E − 16 chr14 MEG3

cg19570702*  − 0.069 0.008 2.23 E − 16 chr6 HCG25; VPS52

cg25273619  − 0.047 0.006 2.45 E − 16 chr13 DCUN1D2-AS2

cg05223360*  − 0.055 0.007 2.77 E − 16 chr1

cg00263326  − 0.050 0.006 4.44 E − 16 chr7 AC007551.3

ch.15.33220631R 0.049 0.006 4.85 E − 16 chr15 RP11-323I15.5

cg16505237 0.056 0.007 5.17 E − 16 chr8 DGAT1

cg00926164  − 0.039 0.005 1.45 E − 15 chr19

Table 3  CpG sites differentially methylated in women with 
a history of hypertensive disorders of pregnancy. Top 20 
most significant CpG sites. Sites that met the genome-wide 
significance criterion (p < 5 × 10−8) for both pre-eclampsia and 
gestational hypertension (starred*)

CpG Beta SE p value chr Gencode Basic

cg20089264 0.0171 0.003 6.25 E − 11 chr22 ASCC2

cg16202187* 0.009 0.001 1.68 E − 10 chr19 HAUS8

cg14862827 0.011 0.002 1.79 E − 10 chr9

cg09020375  − 0.038 0.006 7.65 E − 10 chr4 ART3

cg23694630  − 0.039 0.006 9.20 E − 10 chr10

cg13081185  − 0.034 0.006 1.60 E − 09 chr11 SIK3

cg12522722  − 0.047 0.008 1.63 E − 09 chr11 ZW10;RP11-661I21.2

cg10918328* 0.018 0.003 2.64 E − 09 chr13 LINC00391

cg02068524 0.026 0.004 2.79 E − 09 chr4

cg08687948  − 0.027 0.005 3.09 E − 09 chr7 CYTH3;CYTH3

cg06853492  − 0.025 0.004 5.69 E − 09 chr2 RAPGEF4

cg17324671*  − 0.032 0.005 5.92 E − 09 chr2

cg26460602*  − 0.027 0.005 6.75 E − 09 chr19

cg05223360*  − 0.027 0.005 6.86 E − 09 chr1

cg15400652  − 0.019 0.003 8.20 E - 09 chr19 PSG2

cg09138430 0.016 0.003 1.04 E − 08 chr7 DBNL

cg23834489*  − 0.023 0.004 1.04 E − 08 chr17 PSMD3

cg04806794 0.028 0.005 1.11 E − 08 chr9 TLE4

cg18304195 0.026 0.004 1.40E − 08 chr3 KBTBD8

cg13709211*  − 0.044 0.008 1.92E − 08 chr14 MEG3
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Discussion
This study examined how history of pregnancy and 
pregnancy complications was associated with differ-
ences in whole blood DNA methylation later in life. We 
found no effects of parity on DNA methylation, while a 
single site was associated with a history of giving birth 

to a low birthweight child, and several sites were identi-
fied for pre-eclampsia and gestational hypertension. No 
associations were found with epigenetic age.

A  single site was associated with a history of giv-
ing birth to a low birthweight child, cg26757524, within 
coding region of gene APPL2 in chromosome 12, a gene 
related to the cell proliferation, immune response, and 
cell metabolism. APPL2 expression has been related to 
adiponectin and thus to obesity, insulin metabolism, and 
diabetes [40, 41]. Methylation of several sites was asso-
ciated with a history of hypertensive disorders of preg-
nancy, although there were no clear associations with 
specific biological pathways. The fourteen sites common 
to pre-eclampsia and pregnancy-induced hypertension 
were also not in genes previously associated with pre-
eclampsia or pregnancy-induced hypertension, nor with 
related conditions like hypertension. Some of the genes 
were protein coding genes and have occasionally been 
associated with cancers [42–45]. However, the distribu-
tion of the significant CpGs in regard to CpG islands and 
genes differed from what would be expected by chance. 
CpG sites associated with pre-eclampsia were enriched 
in CpG islands, as has previously been reported for dif-
ferentially methylated regions (DMRs) associated with 
pre-eclampsia in cord blood [46]. In line with this, as 
CpG islands often overlap transcription start sites (TSSs), 
we also identified enrichment in TSS200 (200 nucleotides 
upstream of transcription start site). Reproductive his-
tory is a strong predictor of cardiovascular health [4], and 
cardiovascular health associated with epigenetic markers 
[47], so it is somewhat surprising there were not more 
associations found. This suggests pregnancy-related 
complications may have their effects on later blood pres-
sure through other pathways.

Table 4  Methylation sites most strongly associated with 
history of gestational diabetes. None meet the genome-wide 
significance criterion (p < 5 × 10−8)

CpG Beta SE p value chr Gencode Basic 
name

cg19078878  − 0.031 0.006 1.44E − 07 chr6

cg09150251  − 0.014 0.003 8.18E − 07 chr10 RP1-251M9.2

cg02260571  − 0.010 0.002 8.35E − 07 chr2 CCDC141

cg07519259  − 0.015 0.003 9.65E − 07 chr2

cg07752304 0.004 0.001 1.12E − 06 chr19 ARID3A

cg13264059 0.007 0.001 1.62E − 06 chr10 PTPRE

cg00854172  − 0.033 0.007 2.22E − 06 chr2 AC011239.1;KLHL29

cg03987506 0.001 0.002 2.70E − 06 chr3 OXTR;CAV3

cg09228048 0.005 0.001 3.42E − 06 chr3 AC018816.4

cg11230062  − 0.018 0.004 3.44E − 06 chr1 U3

cg01150646  − 0.016 0.003 3.58E − 06 chr17

cg10556782  − 0.010 0.002 3.77E − 06 chr19 ZNF266

cg11168533  − 0.015 0.003 4.43E − 06 chr9 GNE

cg11227068  − 0.017 0.004 4.46E − 06 chr20 ROMO1; NFS1

cg19284306  − 0.022 0.005 6.00E − 06 chr1 RP1-158P9.1

cg00958475  − 0.016 0.004 6.23E − 06 chr4

cg03562652 0.010 0.002 7.40E − 06 chr2 CCDC74A

cg05164570 0.019 0.004 7.72E − 06 chr5 HARS; HARS2

cg16068780  − 0.020 0.004 8.43E − 06 chr12 SBNO1

cg10937341  − 0.011 0.002 9.63E − 06 chr9 UBE2R2

Table 5  Methylation age acceleration and pregnancy history before 2011 (n = 896)

Age acceleration 
residual — Horvath

Age acceleration 
residual — Hannum

Age acceleration 
— PhenoAge

Age 
acceleration — Grimage

Parity beta SE p beta SE p beta SE p beta SE p

0 0.31 0.70 0.00 0.68 0.00 0.36

1  − 0.93 0.53  − 0.20 0.45 0.51 0.65  − 0.14 0.41

2  − 0.27 0.46 0.25 0.39 0.67 0.56  − 0.40 0.35

3 +   − 0.12 0.51 0.17 0.43 0.31 0.61  − 0.63 0.39

History of low birthweight 0.19 0.86 0.83  − 1.11 0.73 0.13 1.58 1.00 0.12 0.91 0.60 0.13

History of preterm birth 0.10 0.65 0.87  − 0.26 0.55 0.64 1.06 0.76 0.16  − 0.34 0.46 0.46

History of any hypertensive disorder  − 0.94 0.70 0.18  − 0.21 0.59 0.73  − 0.98 0.81 0.23  − 0.53 0.49 0.28

History of pregnancy-induced hypertension  − 0.57 1.08 0.60  − 0.63 0.92 0.49 0.11 1.26 0.93  − 1.03 0.76 0.18

History of pre-eclampsia  − 0.01 1.48 0.99  − 0.49 1.26 0.70 1.28 1.73 0.46  − 0.14 1.04 0.89

History of gestational diabetes 0.39 0.77 0.62 0.05 0.65 0.94 0.08 0.90 0.93 0.44 0.54 0.42

History of miscarriage  − 0.34 0.50 0.50 0.31 0.42 0.47 0.71 0.58 0.22 0.03 0.35 0.94



Page 6 of 9Harville et al. Clinical Epigenetics          (2021) 13:227 

In previous epigenetic research, pre-eclampsia is the 
most extensively studied of the pregnancy complications, 
although more often methylation of the placenta rather 
than blood. A few studies have targeted specific hypoth-
eses: pre-eclampsia has been associated with hypermeth-
ylation of HLA-G promoter (chromosome 6p22.1) [48], 
hypomethylation of the CTGF promoter, differential 
methylation of the genes regulating placental nitric oxide 
(DDAH2) [49], and hypermethylation of 5,10-MTHFR 
[50]. Although none of these were clearly differentially 
methylated in this analysis, one site in the MTHFR gene 
was nominally associated with history of pre-eclampsia 
(beta 0.0078, SD 0.002, p = 0.0003). Comparing this study 
with an analysis of monozygotic twin study compar-
ing sisters, one who had a complicated pregnancy and 
one who did not [51], also failed to establish any points 
of overlap. A previous untargeted,  whole genome meth-
ylation sequencing of a family with multiple cases of pre-
eclampsia identified DMRs in several genes [52]. None of 
the regions identified in that project were identified by 
the analytic strategy here; however, methylation of three 
overlapped regions in the TGFB3, DLX5, and LRP1B 
regions that were nominally significant in this analysis.

No epigenetic sites were strongly enough associated 
with GDM to meet the significance threshold, which may 
be due in part to the limited number of cases and cor-
responding lower power. A few previous studies have 
examined associations between peripheral blood meth-
ylation (measured during pregnancy) and GDM [53–58]. 
With the exception of a single CpG site that was nomi-
nally significant in both our analysis and the Enquobahrie 
analysis (in the DDR1 gene), no overlap between these 
studies’ results and ours was found.

Only a few studies have previously considered the rela-
tionship between maternal epigenetic markers and other 
reproductive outcomes. One study found substantial 
differences in methylation between pregnant and non-
pregnant women, but not between postpartum and nul-
ligravid women [59], suggesting that epigenetic changes 
related to pregnancy are transient, consistent with our 
finding of lack of association with parity. Another found 
that women became younger, epigenetically, with preg-
nancy [22]. One area of inquiry is the extent to which 
complications such as pre-eclampsia are driven by the 
fetal, rather than maternal, genome and epigenome [60]. 
Birth of twins alters methylation in children of subse-
quent births: two siblings born after a twin birth have 
methylation patterns more similar than those born 
before, or before and after, such a birth [61].

Although there is evidence for parity, hypertensive dis-
orders, and gestational diabetes being associated with 
biological markers of aging [9, 10, 62], we found no asso-
ciation between reproductive history and epigenetic age 

acceleration, in contrast to some previous studies [20, 21]. 
This may be due to the relatively low parity in our popula-
tion. We concur with these studies in finding no association 
between hypertensive disorders and epigenetic age.

Strengths of the analysis include the well-characterized 
cohort and essentially complete linkage for pregnan-
cies. Limitations of the study include the variable length 
of time between the complications and the methylation 
measurement, the limited sample size for many compli-
cations, and the lack of a replication cohort. This study 
found no effect of pregnancy per se on methylation 
(either number of pregnancies or nulliparous/parous), 
which may be of importance in study design: if pregnancy 
truly has no effect, epigenetic measures taken postpar-
tum can be used to investigate maternal methylation 
effects in pregnancy. However, this finding needs to be 
replicated in larger cohorts, and in studies with meas-
ures before and after pregnancy. Other methods exist for 
pipeline analysis, such as ENmix [63] but this analysis 
incorporates standard, widely used methods.

Conclusions
Epigenetic changes are one way that pregnancy complica-
tions could exert effects on later-life health. Future studies 
should incorporate measures before and after pregnancy, 
to determine how pregnancy might alter or reveal car-
diovascular risk. By determining whether this epigenetic 
predisposition is present prior to pregnancy or only later, 
we may identify timing for interventions. Such analysis 
is particularly important for pre-eclampsia, which seems 
to have multiple effects across systems and for later-life 
health, and for gestational diabetes, with its strong rela-
tionship with diabetes risk. One important question will 
be whether these complications affect later-life health by 
the same biological pathways as for people who develop 
these illnesses with no history of pregnancy complica-
tions, or whether they represent a separate pathway. By 
establishing the biological pathways, we can determine 
how these complications change biological pathways 
that affect lifelong health. In addition, the interaction of 
these biological factors with social ones should be exam-
ined. Putting together these factors will be important for 
understanding how chronic disease develops in women.
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