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Introduction
Differentially methylated cytosine-phosphate-guanine (CpG) 
sites, both with stable and varying levels, have been associated 
with multiple adverse health conditions.1 A few studies have 
investigated the temporal stability of DNA methylation (DNA-
m) from peripheral blood cells over time.2–4 One earlier study, 
using samples from an Icelandic cohort and from Salt Lake 
City, Utah, compared global DNA-m and found that only 8% 
to 10% of the participants showed a change of more than 20% 
in DNA-m over 11 to 16 years.2 Focusing on 227 inter-individ-
ually variable methylated regions (VMRs) in the same Icelandic 
cohort, Feinberg et al3 reported that 119 (52.4%) of these repre-
sent stable VMRs; 41 (18.1%) were classified as having higher 
intra-individual differences. Flanagan et al4 focused on 92 par-
ticipants of a British cohort, 35 to 84 years of age, and deter-
mined the methylation CpG dinucleotide sequences twice, 
6 years apart. They found that 17% of 353 633 CpGs were stable 
after exclusion of CpGs that were annotated with single-nucle-
otide polymorphisms (SNPs) in DNA-m measurement probes, 
also called probe-SNPs. A Danish study investigated statisti-
cally significant changes in CpG methylation in 43 paired 
measurements 10 years apart (age range at first measurement: 

73-82 years).5 The investigators removed a smaller number of 
CpGs affected by probe-SNPs resulting in a total of 424 706 
analyzed CpGs followed by cell composition adjustment. Their 
results addressing epigenetic changes showed that only 0.054% 
(2284/424 706) showed significant changes. The number of 
steady CpGs was not provided in this study.

In a recently published article addressing DNA-m changes 
in early life, 538 paired samples (aged 0 and 4/5 years) and 726 
paired samples (aged 4 and 8 years) from Spain, France, 
Sweden, and the Netherlands were assessed.6 Focusing on 
changes only, the authors identified that the methylation of 
2.2% of 439 306 CpGs reduced significantly both from age 0 to 
4/5 and 4 to 8 years, and 1% CpGs increased significantly in 
both periods. There were 0.08% of CpGs showing a decrease in 
methylation from age 0 to 4/5 years followed by an increase 
from 4 to 8 years and vice versa in 0.23% CpGs.

Other studies investigated associations of methylation and 
age reporting high correlations and prediction.7–9 However, 
most of these studies focused on ages after the reproductive 
lifetime which are relative steady life periods and excluded 
early transition periods of puberty and pregnancy.
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In contrast, our intention is to investigate important transition 
periods, puberty, and pregnancy. Only 2 genome-wide studies to 
date have investigated the transition period of puberty, none has 
studied pregnancy. In a European study of 376 adult healthy 
women (33-75 years of age), a link between self-reported age  
at menarche and peripheral blood DNA-m patterns in adults  
was investigated.10 The results were internally inconclusive as 
DNA-m was not determined in the period of pubertal transition 
but later in adulthood. In a Danish investigation of 32 boys and 
22 girls, DNA-m was measured twice, at the beginning and the 
end of the pubertal transition.11 When boys and girls were ana-
lyzed separately, significant associations of puberty with methyla-
tion changes of CpGs were only found in boys, which may be 
related to the smaller sample size of girls in this study.

We investigated 3 transition periods in the life course of 
women: (1) childhood to adolescence (puberty: between 10 
and 18 years), (2) young adulthood to the first half of pregnancy 
(18 years to early pregnancy), and (3) early to late pregnancy 
(within pregnancy dynamics (up to week 21 of gestation com-
pared with week 22 and later). In addition, we addressed the 2 
possible poles in DNA-m pattern over the ages: (1) stability/
consistency and (2) change of DNA-m over time. To investi-
gate this polarity, using paired samples, we will distinguish 
between consistency over time, defined as significant predicta-
bility of the second measurement of DNA-m by the first, and 
stability evaluated by intraclass correlation coefficients (ICCs) 
(>0.5). In addition, change of DNA-m, the other end in the 
polarity in contrast to stability/consistency, will be assessed 
using paired t test without cell type adjustment. Linear mixed 
model with repeated measurements will be applied to addition-
ally adjust for cell proportions.

Materials and Methods
DNA-m analysis

DNA was extracted from peripheral blood sampled at age 
10 years (n = 34), at age 18 years (n = 245), in early pregnancy 
(n = 139), and in late pregnancy (n = 127). For peripheral blood, 
standard salting out procedure was used to isolate DNA and its 
concentration was determined by Qubit quantitation. About 
1 μg of DNA was bisulfite treated for cytosine to thymine con-
version using the EZ 96-DNA methylation kit (Zymo 
Research, Irvine, CA, USA), following the manufacturer’s 
standard protocol. The Infinium HumanMethylation450 
BeadChip from Illumina (Illumina, San Diego, CA, USA) was 
used to obtain methylation levels, using the manufacturer’s 
standard protocol. This chip measures more than 450 000 CpG 
sites. Arrays were processed at the Wellcome Trust Centre for 
Human Genetics (Oxford, UK). Multiple identical control 
samples were assigned to each bisulfite conversion batch to 
assess assay variability. Batch effects were controlled by ran-
domly distributing samples on beadchips.

GenomeStudio Software was used to process the raw meth-
ylation intensities, and the detection P value for each CpG was 

used as a quality control measure of probe performance. The 
Bioconductor Illumina Methylation Analyzer12 package and 
the ComBat13 package were used to remove background noise, 
adjust for inter-array variation, perform peak correction, and 
remove batch effects. DNA methylation levels for each CpG 
were estimated as the proportion of intensity of methylated 
(M) over the sum of methylated (M) and unmethylated (U) 
probes, β = M/[c + M + U] with c being a constant to prevent 
dividing by zero.14 The CpG sites that had detection  
P values > .01 in >10% of all samples (age 10, age 18, early, and 
late pregnancy), and CpG sites with probe-SNPs, were 
excluded from all analyses. We found 89 892 sites in the 
Illumina annotation file affected by probe-SNPs defined  
as having a SNP in the probe 10 and less base pairs apart  
from the CpG site (http://support.illumina.com/downloads/
humanmethylation450_15017482_v1-2_product_files.html). 
In addition, we focused on the 22 autosomes excluding all 
CpGs on sex chromosomes, which resulted in 218 222 CpGs 
used in the assessments. M values (logit-transformed β values) 
were used in all analyses because β values are often heterosce-
dastic (unequal variance related to predictors).15

Analytical design

To assess linear associations (i.e., consistency), we applied  
linear regressions and compared genome-wide pairs of indi-
vidual CpG methylation measurements determined 8 years 
apart (1: age 10 to age 18 years, 34 pairs), on average 5.3 years 
(2: age 18 to early pregnancy, 41 pairs) and few (2.3) months 
apart (3: early to late pregnancy, 63 pairs). Intraclass correla-
tion coefficients were used to compare the stability of the 
methylation of 218 222 CpG pairs.

To adjust for cell composition in each period (age 10, age 18, 
early, and late pregnancy) using cell-specific CpGs, we estimated 
7 cell types, CD4T, CD8T, natural killer cells, B cells, monocytes, 
granulocytes, and eosinophils using the R-package minfi accord-
ing to the approach by Houseman et al16 and Jaffe and Irizarry.17 
Then, the methylation of 218 222 CpGs was regressed on the 
proportion of the cell types, and the residuals not explained by 
cell types were estimated for each time period. These estimated 
residuals were used to test the consistency and stability between 
DNA-m measured in 2 adjacent time periods.

First, we tested linear associations between the paired CpG 
measurements with the residuals from the first methylation 
measurement as predictor and the second measurement as 
response as follows: Cell-adjusted residuals of the methyla-
tiont+1 = α + β1*cell-adjusted residuals of the methylationt.

Because we conducted a large number of 218 222 tests, we 
controlled for false discovery rate (FDR) to adjust for multiple 
testing preventing a large proportion of false positives.18 The vari-
ation of statistically significant associations in these 3 periods is 
demonstrated by Manhattan plots. We used volcano plots to 
illustrate whether the statistically significant predictions are posi-
tive or negative. To check the stability independent of consistency, 

http://support.illumina.com/downloads/humanmethylation450_15017482_v1-2_product_files.html
http://support.illumina.com/downloads/humanmethylation450_15017482_v1-2_product_files.html
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the ICCs of all the 218 222 CpGs were assessed for each of the 3 
transition periods.

To estimate changes in DNA-m, we applied linear mixed 
model with repeated measurement taking into account the 
within-subject time effect as well as adjusting for cell type 
effects:

y t z eij i j k ijk ij
k

= + + +
=
∑β β β0 1 2

1

6

where yij  denotes the DNA-m of subject i measured at time j; 
β β0 00i iU= +  is the random intercept for each subject with 
U Ni ~ ( , )0 0

2σ ; β1 represents time effect; zijk  is the kth cell 
type proportion for ith subject measured at time j, j = 1, 2; and 
e Nij ~ ( , )0 2σ  is the random error. If the cell type effects were 
removed from the model, the mixed model is equivalent to the 
paired t test. In this model, we assume that cell types have the 
same effect on DNA-m measured at the 2 time points included 
in these comparisons.

To address the biological importance of the findings, we 
performed a functional enrichment and identified the signifi-
cant biological pathways characterized by multiple genes, 
which correspond to CpGs that varied significantly in the 
transition periods. ToppFun, a subfunction of the ToppGene 
Suite (https://toppgene.cchmc.org/), was used to identify 
functional pathways. For genes that were not identified in the 
databases, gene names or synonyms were imputed before the 
conduction of gene pathway enrichment analysis.19 Controlling 
for multiple testing, we used a FDR (FDR B&Y) of 0.05.20

Results
In the 3 transition periods (age 10 to age 18 years, age 18 to early 
pregnancy, and early to late pregnancy), different numbers of 
participant pairs with repeated methylation measurements in 
peripheral blood cells at both time points were available. From 
the same cohort of women, the number of participants was as 
follows: n = 34 for the transition from 10 to 18 years, n = 41 for 
the transition from 18 years to early pregnancy, and n = 63 for the 
transition from early to late pregnancy. The time span for the 
first transition was on average 8 years, 5.3 years (range: 3-6.7 years 
apart) for the second transition, and 2.3 months (range: 1.2 to 
4.1 months apart) for the third transition. After exclusion of 
CpGs with probe-SNPs and with low quality at one time point 
and those with probe-SNPs, we analyzed 218 222 CpGs on the 
22 autosomes at each time point. In addition, because cell types 
are known to influence DNA-m, we estimated cell composition. 
Supplemental Table 1 shows the estimated cell composition 
based on cell-specific CpGs. With the exception of monocytes, 
proportions of all cell types (B cells, CD4 cells, and CD8T cells, 
granulocytes, and eosinophilic granulocytes) were statistically 
significantly different in the transition from age 10 to age 18 and 
from age 18 to early pregnancy. Interestingly, paired estimations 
of cell types in early and late pregnancy (n = 63) suggest a similar 
cell composition at both time points.

Figure 1 shows Manhattan plots of FDR-adjusted P values 
for testing the consistency of 218 222 CpG sites used in this 
study across the autosomes (22 chromosomes) for each of the 3 
transition periods. The dashed lines indicate threshold of 
− ≈log . .( )10 0 05 1 3  corresponding to an FDR-adjusted P value 
of .05. The dots above the dashed lines represent significant 
CpGs. The number of CpGs with statistically significant 
regression coefficients (both positive and negative) of subse-
quent CpG methylations is drastically reduced in the transition 
from early to late pregnancy (Figure 1C) compared with the 
transition from age 10 to age 18 years (Figure 1A) and to that 
from age 18 years to early pregnancy (Figure 1B). These 
Manhattan plots do not display the direction of the effects.

To inspect the directions of the regression coefficients (pos-
itive or negative), we used volcano plots, 1 for each of the 3 
transition periods on the 218 222 CpG pairs (Figure 2). We 
additionally show these plots with and without adjustment for 
cell types (Figure 2A to C and Figure 2D to F, respectively). 
The CpGs with statistically significant intra-individual regres-
sion coefficients with an FDR-adjusted P value of <.05 are 
colored in red. Those with positive coefficients are plotted to 
the right in the volcano plot and those with negative coeffi-
cients to the left. The nonsymmetric pattern indicates a pre-
dominant trend of CpGs showing a positive regression 
coefficient in the 3 transition periods. A positive coefficient 
results when the methylation value of a CpG at 2 time points 
shows a similar direction; e.g., the methylation of a CpG is low 
at age 10 years as well as at age 18 years, whereas if the methyla-
tion of specific CpGs at age 10 years is relatively high and the 
methylation at age 18 years becomes low, this would be indi-
cated by a negative coefficient. Fewer CpGs show a negative 
regression coefficient in the 3 transition periods (left sites of 
the plots), which, however, rarely achieves a coefficient of −1. A 
regression coefficient of 1 implies no change (not only being 
consistent but also being stable) in DNA-m between 2 meas-
urements. After the first transition, the number of CpGs with 
coefficients >1 (increase in methylation from the first time 
point to the second) reduces to nearly 0 in the 2 subsequent 
transition periods (Figure 2).

The ICC measures absolute agreement and an ICC of 1 
shows perfect accordance. The ICC plots (Figure 3) suggest 
that CpGs with an ICC > 0.50, implying a higher tendency of 
having more stable methylation levels in 2 subsequent DNA-m 
measurements, are reduced in the transition from early to late 
pregnancy, irrespective of adjustment for cell type. Table 1 
shows that the estimated stability of DNA-m (percentage of 
CpGs with an ICC > 0.5) in the first 2 transitions is 16.1% and 
14.5% with cell type adjustment but only 0.13% in the repeated 
measurements in early and late pregnancies. The proportion 
with consistency (percentage of CpGs with positive significant 
[FDR P value < .05] regression coefficients) is higher: 19.5%, 
20.9%, and 0.35% in the 3 transition periods (and includes the 
proportion with stability; Table 1). The proportion of CpGs 
with FDR-adjusted P values (≤.05) decreases when adjusted 
for cell composition.

https://toppgene.cchmc.org/
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A significant difference in DNA-m of the same subject 
between 2 time points characterizes a change of DNA-m in 
each transition. In all 3 transitions, the proportion of CpGs 
with significantly changed DNA-m (FDR-adjusted P < .05) is 
smaller when adjusted for cell composition and larger when 
nonadjusted (Table 1). Between age 10 and 18 years, 0.7% of 

the CpGs show a significant change in methylation and 5.6% 
between 18 years and early pregnancy (Table 1). From early to 
late pregnancy, none of the CpGs are statistically significantly 
changed with cell type adjustment.

In addition to assess the biological importance of the meth-
ylation changes, we investigated whether their corresponding 

Figure 1.  Manhattan plot for consistency of DNA methylation between different time periods in women (after cell type adjustment) between (A) age 10 

and 18 years, (B) age 18 years and early pregnancy, and (C) early (weeks 20–21) and late pregnancy (>week 22). The black dashed line is a reference for 

FDR = 0.05.
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genes were suggestive of biological pathways. For the 2 transi-
tion periods of age 10 to 18 years, and 18 years to early pregnancy, 
the significantly changed CpGs corresponded to 1126 and 6628 
unique genes, respectively. After imputation of genes with syno-
nyms and updated gene names, ToppFun identified 1100 and 
6432 genes, respectively, for the 2 transition periods. For the first 
transition, only 1 pathway was identified with FDR P value  
≤ .05, which, however, could not be interpreted as being related 
to this adolescent period. For the transition between age 18  
and pregnancy, we found 8 significant pathways based on the 
KEGG database (Supplemental Table 2). Five of these consti-
tute signaling pathways (Rap1 signaling pathway, MAPK sign-
aling pathway, Ras signaling pathway, calcium signaling pathway, 
and Hippo signaling pathway). The other genes with signifi-
cantly changed CpGs belong to the pathways “Endocytosis,” 
“Proteoglycans in cancer,” and “Pathways in cancer.”

Discussion
Focused on 3 periods of transition in young women, this is the 
first study that has analyzed and compared changes in DNA-m 

in peripheral blood cells from age 10 to 18 years (puberty), age 
18 to early pregnancy (conception), and early to late pregnancy 
(gestation). Stability (high intraclass correlation) and consist-
ency (significant regression coefficient) were estimated in paired 
samples of the same women by assessing whether the subse-
quent methylation levels (M values) were explained by the pre-
ceding levels. The results show limited consistency and stability 
of the methylation in 218 222 analyzed CpG sites. Of impor-
tance is that we excluded 89 892 CpG sites via the Illumina 
annotation file, which may be affected by probe-SNPs. Hence, 
we did not consider those CpGs that are possibly affected by 
genetic polymorphisms. Surprisingly, the major loss of stability 
and consistency of the methylation is during the third transition 
period of gestation even though the time gap is much closer 
compared with the first 2 transition periods. After adjustment 
for cell composition, only 0.13% and 0.35% are stable or con-
sistent from early to late pregnancy, respectively. The predomi-
nant positive coefficients in volcano plots show that most of the 
significantly linearly correlated CpGs are consistent between 2 
transition time points (i.e., individuals with low/high DNA-m 

Figure 2.  Volcano plots showing the regression coefficient of the paired DNA methylation measured at the latter time period on the level of the earlier 

measurement. The CpGs with statistically significant (FDR < 0.05) intra-individual regression coefficients are colored in red. Those with positive 

coefficients are plotted to the right and those with negative coefficients to the left. (A) Age 10 to age 18 years without adjustment for cell composition, (B) 

age 18 years to early pregnancy without adjustment for cell composition, (C) early (weeks 20-21) to late pregnancy (>week 22) without adjustment for cell 

composition, (D) age 10 to age 18 years with adjustment for cell composition, (E) age 18 years to early pregnancy with adjustment for cell composition, and 

(F) early (weeks 20-21) to late pregnancy (>week 22) with adjustment for cell composition. CpG indicates cytosine-phosphate-guanine; FDR, false 

discovery rate.
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in the prior time period tend to have low/high value in the sub-
sequent time point as well). However, as the volcano plots indi-
cate, the number of CpGs with coefficient >1 (increase in 
methylation from the first time point to the second) after the 
puberty transition is reduced to nearly 0 in the 2 subsequent 
transition periods. Hence, an increase in DNA-m can be 
observed in puberty transition but not later in life. However, in 
late pregnancy, fewer CpGs also have a significantly reduced 
methylation when comparing 2 paired levels.

Both, low consistency and low number of CpGs with signifi-
cant changes, resulting in a large proportion of indifferent CpGs 
in late pregnancy, raised our concern that fetal DNA could be 
present in maternal blood, a phenomenon called micro- 
chimerism.21 Thus, we additionally investigated 7 Y chromo-
some–related CpGs out of 6 genes (excluding cross-reactive 
probes and polymorphic CpGs, intergenic CpGs, and genes 
with pseudoautosomal regions).22 We compared the levels of 
these Y chromosome–related CpGs in women with male and 
female offspring. However, we did not find any increased 

methylation levels in late pregnancy for cg02233183 (P = .65), 
cg03278611 (P = .10), cg05782707 (P = .67), cg17741448 
(P = .50), cg20474581 (P = .64), cg26251715 (P = .65), and 
cg26475999 (P = .30) (representing the following genes 
NLGN4Y (twice), TTTY2, RPS4Y2, USP9Y, TTTY14, TSPY4). 
This suggests that the indifference of CpGs in late pregnancy 
(neither consistent nor changeable) cannot be explained by con-
tamination of maternal DNA due to fetal-maternal trafficking.

Regarding the proportion of CpG with significant changes, 
Table 1 provides information using 2 different assessments: 
with and without cell type adjustment. A possible limitation 
is that we used estimated cell type techniques in our analyses 
because cell sorting or single-cell methylation was not con-
ducted in this epidemiologic cohort. However, a recent inves-
tigation has demonstrated—even using simulated cell-specific 
data—that with appropriate cell type references, a cell type 
adjustment can provide unbiased estimates of DNA-m.23 
Thus, to overcome this limitation, we focused on cell type–
adjusted estimates.

Figure 3.  Analysis of the stability of 218 222 CpGs using ICCs with and without prior adjustment for cell composition. (A) Age 10 to age 18 years without 

adjustment for cell composition—32 916 CpGs are stable with a threshold of ICC > 0.5. (B) Age 18 years to early pregnancy without adjustment for cell 

composition—29 832 CpGs are stable with a threshold of ICC > 0.5. (C) Early (weeks 20-21) to late pregnancy (>week 22) without adjustment for cell 

composition—6626 CpGs are stable with a threshold of ICC > 0.5. (D) Age 10 to age 18 years with adjustment for cell composition—35 134 CpGs are 

stable with a threshold of ICC > 0.5. (E) Age 18 to early pregnancy with adjustment for cell composition—31 748 CpGs are stable with a threshold of 

ICC > 0.5. (F) Early (weeks 20-21) to late pregnancy (>week 22) with adjustment for cell composition—290 CpGs are stable with a threshold of ICC > 0.5. 

CpG indicates cytosine-phosphate-guanine; ICC, intraclass correlation coefficient.
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Although the period between 10 and 18 years includes 
pubertal transition, the proportion of CpGs with significant 
changes in DNA-m between age 10 and 18 years in women is 
smaller than the proportion of consistent CpGs (0.7% vs 
19.5%). Between age 18 and early pregnancy, the proportion of 
CpG with consistent methylation is similar (20.9%), but the 
proportion of CpGs with significant methylation changes 
increased to 5.6%. During gestation, contrasting early and late 
pregnancy, both the number of consistent and significantly 
changed CpGs is very small (0.35% and 0%, respectively). 
Focusing on methylation after adjustment for cell type, in all 
periods, the methylation of most of the CpGs (79.8% from 10 
to 18 years, 73.5% from age 18 to early pregnancy, and 99.65% 
during gestation) is neither consistent nor significantly changed 
over time indicating an indifferent state. The dramatically 
increased number of these indifferent CpGs in late pregnancy 
may be due to mechanisms that are unique to the pregnant 
status and needs further investigations.

In a prior investigation of 92 participants of a British cohort, 
35 to 84 years of age, the methylation of 353 633 CpGs were 
measured 6 years apart and adjusted for cell type.4 Stability was 
found in 17% of the CpGs. This proportion is low but still 
comparable with the number of stable (ICC > 0.5) CpGs of 
16.1% between 10 and 18 years of age and also comparable 
with the transition between 18 years and early pregnancy 
(14.5%) in our study. Nevertheless, the methylation of specific 
CpGs can change during puberty and due to conception, which 
requires additional analyses. However, in general, gestational 
transition more severely suffers from low stability problem in 
contrast to other periods.

These findings cannot be explained by differences in the 
paired sample size in the 3 transition periods because the ges-
tational transition has the largest sample size (n = 63 compared 
with n = 34 and n = 41) and thus provides statistically more 
powerful tests. Interestingly, on comparing the stability and 
consistency with and without adjustment for the changes in 
cell composition, we found that between age 10 and 18 years 
and between 18 years and early pregnancy (Supplemental Table 
1), adjustment resulted only in minor improved methylation 
stability during these transitions and minimally reduced con-
sistency. In contrast, in the gestational transition (early to late 
pregnancy), for which the cell type composition was not sig-
nificantly different, adjustment for cell type reduced both sta-
bility and consistency.

Results from a Danish study identified statistically signifi-
cant changes in CpG methylation in 43 paired measurements 
10 years apart (age range at first measurement: 73-82 years).5 
The investigators removed a smaller number of CpGs affected 
by probe-SNPs resulting in a total of 424 706 CpGs that were 
analyzed. Their results showed that 0.054% (2284/424 706) 
had significant changes. The proportion of change in our sam-
ple of women is larger in the transition from 10 to 18 years and 
from 18 years to early pregnancy, but comparable with changes 
in the few months of pregnancy.

Interestingly, genes of significantly changed CpG methyla-
tion in the transition between age 18 and pregnancy belong to 
5 signaling pathways which control various processes such as 
cell adhesion and cell division that are crucial events occurring 
in the trophoblast and uterus (Rap1 signaling pathway, MAPK 
signaling pathway, Ras signaling pathway, calcium signaling 
pathway, and Hippo signaling pathway; Supplemental Table 
2).24–27 In addition, the “Endocytosis” pathway seems also to be 
linked to pregnancy indicating a survival phenomenon in 
response to environmental stressors in the placenta.28 We like-
wise assume that the identification of 2 cancer pathways in this 
transition is due to a misclassification because tumorigenesis 
and pregnancy share characteristics of cell survival, cell prolif-
eration, and cell migration. It is surprising that CpGs of the 
genes belonging to signaling pathways involved in communi-
cation between uterus, placenta, and the trophoblast can be 
detected to be differentially methylated in maternal peripheral 
blood cells once pregnancy was established.

The extreme reduction in both stability and consistency of 
DNA-m during gestation may result from endocrine effects, 
adjustment in lifestyle, or late environmental exposures occur-
ring in the course of pregnancy. Because this is the first inves-
tigation of these transition periods in women, there is a 
necessity that future studies better characterize these periods, 
particularly gestation. However, independently, these results 
raise some doubts about whether DNA-m in late pregnancy 
should be used to estimate inheritance of DNA-m between 
mother and offspring.

Finally, there is a need to analyze whether the methylation 
of CpGs in the postpregnancy period returns to prepregnancy 
levels or partially remains in an altered state after pregnancy. 
This is of importance because in women, pregnancy is a transi-
tion period that is related to multiple changes of health risks. 
Pregnancy and parity seem to change the risk of a number of 
diseases including autoimmunity, multiple sclerosis, ovarian, 
breast, and liver cancer in women,29–33 which may be explained 
and prevented by altering DNA-m and pregnancy-related 
conditions.
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