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Abstract 

Background:  Circulating folate, vitamin B12 and homocysteine concentrations during fetal development have been 
associated with health outcomes in childhood. Changes in fetal DNA methylation may be an underlying mechanism. 
This may be reflected in altered epigenetic aging of the fetus, as compared to chronological aging. The difference 
between gestational age derived in clinical practice and gestational age predicted from neonatal DNA methylation 
data is referred to as gestational age acceleration. Differences in circulating folate, vitamin B12 and homocysteine con-
centrations during fetal development may be associated with gestational age acceleration.

Results:  Up to 1346 newborns participating in the Generation R Study, a population-based prospective cohort study, 
had both cord blood DNA methylation data available and information on plasma folate, serum total and active B12 
and plasma homocysteine concentrations, measured in early pregnancy and/or in cord blood. A subgroup of 380 
newborns had mothers with optimal pregnancy dating based on a regular menstrual cycle and a known date of last 
menstrual period. For comparison, gestational age acceleration was calculated based the method of both Bohlin and 
Knight. In the total study population, which was more similar to Bohlin’s training population, one standard deviation 
score (SDS) higher maternal plasma homocysteine concentrations was nominally associated with positive gesta-
tional age acceleration [0.07 weeks, 95% confidence interval (CI) 0.02, 0.13] by Bohlin’s method. In the subgroup with 
pregnancy dating based on last menstrual period, the method that was also used in Knight’s training population, one 
SDS higher cord serum total and active B12 concentrations were nominally associated with negative gestational age 
acceleration [(− 0.16 weeks, 95% CI − 0.30, − 0.02) and (− 0.15 weeks, 95% CI − 0.29, − 0.01), respectively] by Knight’s 
method.

Conclusions:  We found some evidence to support associations of higher maternal plasma homocysteine concen-
trations with positive gestational age acceleration, suggesting faster epigenetic than clinical gestational aging. Cord 
serum vitamin B12 concentrations may be associated with negative gestational age acceleration, indicating slower 
epigenetic than clinical gestational aging. Future studies could examine whether altered fetal epigenetic aging under-
lies the associations of circulating homocysteine and vitamin B12 blood concentrations during fetal development 
with long-term health outcomes.
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Introduction
Subtle differences in circulating maternal folate, vitamin 
B12 and homocysteine concentrations during pregnancy 
have been associated with offspring health outcomes 
[1–5]. DNA methylation may be a mechanism underlying 
these associations [6–9]. Folate, vitamin B12 and homo-
cysteine are all part of the one-carbon metabolism, which 
is essential for cellular growth and differentiation and 
the biosynthesis, repair and methylation of DNA, among 
others [9]. Previously, a meta-analysis of two epigenome-
wide association studies (EWAS) reported associations of 
maternal plasma folate concentrations with cord blood 
DNA methylation at 443 CpGs [10]. In addition, serum 
maternal vitamin B12 concentrations have been asso-
ciated with local and global changes in newborn DNA 
methylation [11, 12]. A small study reported an inverse 
association between newborn homocysteine concentra-
tions and LINE-1 methylation [13]. Active B12, or hol-
otranscobalamin, is the biologically active fraction of 
vitamin B12, which is available to cells. The associations 
of active B12 concentrations with newborn DNA meth-
ylation have not been studied, even though it could possi-
bly be a more reliable marker of an impaired vitamin B12 
status, certainly in pregnancy [14].

Changes in DNA methylation have been associated 
with chronological aging [15]. Several “epigenetic clocks” 
have been developed as biomarkers of aging in adults 
[15–17]. Such clocks are based on DNA methylation lev-
els at a limited number of CpGs (up to 500), specifically 
selected as predictors of chronological age [15]. Differ-
ences between DNA methylation-based estimates of age 
and chronological age are referred to as age acceleration. 
Positive age acceleration indicates an older DNA meth-
ylation-based age than chronological age. Negative age 
acceleration refers to a younger DNA methylation-based 
age than chronological age. In adults, positive age accel-
eration has been associated with all-cause mortality, as 
well as cancer and cardiovascular mortality [18, 19]. An 
intervention study among participants aged 65–75 years 
found that supplementation with folic acid and vitamin 
B12 reduced age acceleration, but only in a subgroup 
of women with normal activity of MTHFR, an enzyme 
involved in the one-carbon metabolism [20].

Recently, two epigenetic clocks for gestational age have 
been developed based on newborn DNA methylation 
data [21, 22]. Studies into associations of prenatal factors 
with gestational age acceleration have shown a mixed 
picture. Some prenatal exposures, such as maternal 

antenatal depression or insulin-treated gestational dia-
betes mellitus in a previous pregnancy, have been associ-
ated with negative gestational age acceleration, whereas 
others, such as maternal age and BMI, have been associ-
ated with positive age acceleration [23–26]. In addition, 
both positive and negative gestational age accelerations 
have been associated with various child health outcomes, 
such as growth, from birth onwards [22–24, 26, 27]. As 
such, the implications of gestational age acceleration still 
warrant further research [23–27].

In the current study, we hypothesized that higher 
plasma folate and serum B12 concentrations, and lower 
plasma homocysteine concentrations during fetal devel-
opment are associated with negative gestational age 
acceleration. In a population-based study among 1346 
mother–newborn pairs, we examined the associations of 
circulating folate, total and active B12 and homocysteine 
concentrations measured in early pregnancy and in cord 
blood with gestational age acceleration, estimated from 
cord blood DNA methylation data, using two epigenetic 
clocks for gestational age [21, 22].

Results
Subject characteristics
We included up to 1346 mother–newborn pairs with 
information on any exposure and cord blood DNA meth-
ylation data in the current study, which was embedded 
in the Generation R Study, a prospective cohort study 
from pregnancy onwards [28]. Additional file 1: Figure S1 
shows a flowchart of the study population. Table  1 and 
Additional file  2: Table  S1 show subject characteristics 
before and after imputation for covariates, respectively. 
We estimated DNA methylation gestational age from 
cord blood DNA methylation data, using both the epi-
genetic clock of Bohlin and Knight [21, 22]. The epige-
netic clock of Bohlin estimates epigenetic gestational age 
based on DNA methylation levels of 96 CpGs from the 
HumanMethylation450 BeadChip selected trough Lasso 
regression (21). The epigenetic clock of Knight estimates 
gestational age based on methylation levels of 148 CpGs 
selected through elastic net regression, which are avail-
able on both the HumanMethylation27 and the Human-
Methylation450 BeadChip [22]. Newborns had older 
clinically determined gestational age (median 40.3 weeks 
(95% range 36.7, 42.3)) than cord blood DNA meth-
ylation gestational age (Bohlin: median 39.4 weeks (95% 
range 37.0, 40.8); Knight: median 36.3 weeks (95% range 
32.4, 39.1). This was reflected by the negative median 
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values for raw gestational age acceleration, which were 
calculated as DNA methylation gestational age minus 
clinical gestational age. Spearman’s correlation between 
clinical and DNA methylation gestational age in the 
full group was higher for the epigenetic clock of Bohlin 
(r = 0.70), as compared to the epigenetic clock of Knight 
(r = 0.45) (Additional file 1: Figure S2). We observed the 
same among 380 newborns of mothers with optimal clin-
ical pregnancy dating, based on a regular menstrual cycle 
and a known first date of last menstrual period (LMP), 
with Spearman’s correlations of r = 0.72 and r = 0.50 
for Bohlin’s and Knight’s epigenetic clock, respectively 
[29]. Table  2 shows maternal plasma folate, serum total 
and active B12 and plasma homocysteine concentra-
tions in early pregnancy and in cord blood. As expected 
in pregnancy, 30% of mothers had low serum total B12 
concentrations according to the non-pregnant 95% refer-
ence interval [14]. Additional file 2: Table S2 shows a cor-
relation matrix of all one-carbon metabolism markers. 

A non-response analysis showed that included mothers 
were more frequently  older, higher educated, primipa-
rous and non-smokers, on average had lower body mass 
indices (BMI) and higher circulating folate and vita-
min B12 but similar homocysteine concentrations, as 
compared to non-included mothers (Additional file  2: 
Table  S3). Included newborns were on average  born 
heavier and at older clinical gestational ages, and more 
frequently had  higher  circulating folate but comparable 
vitamin B12 and homocysteine blood concentrations, as 
compared to non-included children.

Folate, vitamin B12 and homocysteine blood 
concentrations and gestational age acceleration
We used linear regression models to examine the asso-
ciations of early-pregnancy and cord blood plasma folate, 
serum total and active B12 and plasma homocysteine 
concentrations with gestational age acceleration. Both 
raw (DNA methylation gestational age minus clinical 
gestational age) and residual (residuals from regressing 
DNA methylation gestational age on clinical gestational 
age, see methods for details) gestational age acceleration 
were calculated, using two epigenetic clocks, of Bohlin 
and of Knight [21, 22]. In the full study population, using 
Bohlin’s method, one standard deviation score (SDS) 
higher maternal early-pregnancy plasma homocysteine 
concentrations was nominally associated with gestational 
age acceleration (0.07  weeks, 95% confidence interval 
(CI): 0.02, 0.13) in the main model, which was adjusted 
for maternal age, education, pre-pregnancy BMI, parity 
and smoking, child sex, batch, estimated cell types and 
gestational age at blood sampling (Table  3). This asso-
ciation at nominal significance did remain if we applied 
a Bonferroni correction, adjusting for four exposures. 
In “mediator” models with additional adjustment for 
either birth weight, folate or vitamin B12, these asso-
ciations had comparable effect estimates, but attenu-
ated into non-significance (Additional file  2: Table  S4). 
None of the exposures were associated with gestational 
age acceleration using Knight’s method (Table  3, all P 
values ≥ 0.05). For both epigenetic clocks, the associa-
tions were similar without correction for cell type pro-
portions (Additional file  2: Table  S5). The results of the 
crude (adjusted for batch, sex and also for gestational age 
at blood sampling in early pregnancy models) and basic 
(additionally adjusted for cell type proportions) mod-
els are shown in Additional file 2: Tables S6 and S7. The 
results of the main models comparing low versus nor-
mal maternal serum total B12 concentrations, based on 
the non-pregnant 95% reference interval, are provided in 
Additional file 2: Table S8. Additional file 2: Table S9 dis-
plays results of sensitivity analyses on cord serum active 
B12 concentrations, after exclusion of 189 newborns with 

Table 1  Maternal and child characteristics based on non-
imputed data (n = 1346)

Values are mean (SD) or median (95% range) for continuous variables and 
numbers (%) for categorical variables. Missing data: DNA methylation 
gestational age and gestational age acceleration estimated by Bohlin’s 
epigenetic clock (n = 11), highest completed education (n = 19), parity (n = 1), 
pre-pregnancy BMI (n = 199), smoking (n = 111), gestational age at blood 
sampling in pregnancy (n = 223), birth weight (n = 1)

Maternal characteristics

 Age, year 31.4 (4.2)

 Educational level

  No or primary 26 (2.0)

  Secondary 439 (33.1)

  Higher 826 (65.0)

 Parity

  Nulliparous 817 (60.7)

  Multiparous 528 (39.3)

 Pre-pregnancy body mass index, kg/m2 22.3 (18.4, 33.7)

 Smoking

  Non-smoker or smoked until pregnancy was 
known

1059 (85.7)

  Smoked throughout pregnancy 176 (14.3)

 Gestational age at blood sampling, week 12.8 (9.9, 16.9)

Newborn characteristics

 Gestational age at birth, week 40.3 (36.7, 42.3)

 DNA methylation gestational age (Bohlin), week 39.4 (37.0, 40.8)

 Raw gestational age acceleration (Bohlin), week − 0.9 (− 2.7, 0.9)

 DNA methylation gestational age (Knight), week 36.3 (32.4, 39.1)

 Raw gestational age acceleration (Knight), week − 3.7 (− 7.4, − 1.1)

 Sex

  Boy 684 (50.8)

  Girl 662 (49.2)

Birth weight, gram 3546 (510)
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Table 2  Characteristics of circulating folate, vitamin B12 and homocysteine concentrations in early pregnancy and cord blood

Values are based on non-imputed data and are median (95% range) for continuous variables and numbers (%) for categorical variables. We calculated standard 
deviation scores for all exposures to make them more comparable. Overall, 1346 mother–newborn pairs were included in one or more analyses. Not all pairs had 
information available on all exposure variables in either early pregnancy or cord blood. Missing data: maternal folate (n = 244), maternal total B12 (n = 310), maternal 
active B12 (n = 572), maternal homocysteine (n = 259), neonatal folate (n = 200), neonatal total B12 (n = 170), neonatal active B12 (n = 220), neonatal homocysteine 
(n = 245)
a Serum active B12 concentrations were measured in stored serum sampled in early pregnancy and cord blood. As not all participants had enough stored serum 
available, information on serum active B12 concentrations was available in fewer participants

Early pregnancy Cord blood

Plasma folate concentration, nmol/L 19.8 (6.6, 39.6) 21.2 (11.0, 38.4)

 ≥ 8 nmol/L 1041 (94.5) 1145 (99.9)

 < 8 nmol/L 61 (5.5) 1 (0.1)

Serum total B12 concentration, pmol/L 178.0 (81.9, 428.5) 309.0 (128.0, 869.2)

 ≥ 145 pmol/L 726 (70.1) 1125 (95.7)

 < 145 pmol/L 310 (29.9) 51 (4.3)

Serum active B12 concentrationa, pmol/L 44.0 (21.0, 94.0) 87.0 (39.0, 128.0)

 ≥ 21 pmol/L 757 (97.8) 1124 (99.8)

 < 21 pmol/L 17 (2.2) 2 (0.2)

Plasma homocysteine concentration, μmol/L 7.0 (4.7, 11.5) 9.1 (5.5, 16.4)

 < 19 μmol/L 1082 (99.5) 1090 (99.0)

 ≥ 19 μmol/L 5 (0.5) 11 (1.0)

Table 3  Associations of circulating folate, vitamin B12 and homocysteine concentrations with gestational age acceleration (full 
population)

*This association at nominal significance did remain if we applied a Bonferroni correction, adjusting for four exposures (0.05/4)

The full study population included n = 1346 mother–newborn pairs for the analysis using Knight’s epigenetic clock and n = 1335 mother–newborn pairs for the 
analysis using Bohlin’s epigenetic clock. Values represent regression coefficients (95% confidence interval) and reflect the difference in raw and residual gestational 
age acceleration at birth per increase of 1 standard deviation score in exposure variable. Results are based on the main models, which were adjusted for maternal 
age, education, pre-pregnancy BMI, parity and smoking, child sex, batch effects (by including plate number), cell types, and additionally for gestational age at blood 
sampling in early pregnancy models. Folate and homocysteine concentrations were measured in plasma and total and active B12 concentrations were measured in 
serum

CI confidence interval, SDS standard deviation score
a Raw gestational age acceleration (in weeks) was obtained by subtracting the clinical estimate of gestational age from DNA methylation gestational age
b Residual gestational age acceleration (no unit) was calculated from the residuals from a regression model of DNA methylation gestational age on clinical gestational 
age

Bohlin Knight

Raw accelerationa Residual accelerationb Raw accelerationa Residual accelerationb

Difference (95% CI) 
in weeks

P 
value

Difference (95% 
CI)

P 
value

Difference (95% CI) 
in weeks

P 
value

Difference (95% 
CI)

P 
value

Early pregnancy

 Folate, SDS 0.02 (− 0.03, 0.08) 0.44 0.00 (− 0.03, 0.04) 0.80 − 0.01 (− 0.10, 0.08) 0.87 − 0.02 (− 0.10, 0.06) 0.62

 Total B12, SDS − 0.01 (− 0.07, 0.05) 0.72 0.00 (− 0.03, 0.04) 0.80 − 0.04 (− 0.13, 0.05) 0.38 − 0.03 (− 0.10, 0.05) 0.50

 Active B12, SDS − 0.03 (− 0.10. 0.03) 0.31 0.00 (− 0.04. 0.04) 0.98 − 0.05 (− 0.15, 0.05) 0.33 − 0.03 (− 0.11, 0.06) 0.59

 Homocysteine, SDS 0.07 (0.02, 0.13) 0.01* 0.01 (− 0.02, 0.04) 0.45 0.07 (− 0.01, 0.16) 0.09 0.03 (− 0.05, 0.10) 0.54

Cord blood

 Folate, SDS 0.02 (− 0.03, 0.08) 0.41 0.01 (− 0.02, 0.04) 0.56 0.04 (− 0.04, 0.13) 0.32 0.03 (− 0.04, 0.11) 0.41

 Total B12, SDS − 0.03 (− 0.09, 0.02) 0.25 0.02 (− 0.01, 0.05) 0.18 − 0.03 (− 0.12, 0.05) 0.42 0.01 (− 0.06, 0.08) 0.73

 Active B12, SDS 0.03 (− 0.03, 0.08) 0.34 0.02 (− 0.01. 0.05) 0.24 0.01 (− 0.07, 0.10) 0.76 0.01 (− 0.07, 0.08) 0.86

 Homocysteine, SDS − 0.00 (− 0.06, 0.05) 0.93 − 0.01 (− 0.05. 0.02) 0.40 0.03 (− 0.05, 0.22) 0.49 0.02 (− 0.06, 0.09) 0.62
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concentrations recorded as the upper limit of measure-
ment of the used immuno-assay. Effect estimates of the 
associations were largely similar to those from the pri-
mary models. There were no indications for non-linear 
associations between any exposure and both measures of 
gestational age acceleration, using both epigenetic clocks 
(data not shown).

When we restricted the analyses to up to 380 newborns 
of mothers with optimal pregnancy dating based on a 
regular menstrual cycle and a known first day of LMP, 
using Knight’s method, one SDS (188.1 pmol/L) increase 
in cord serum total B12 concentrations was associated 
with − 0.16 weeks (95% CI − 0.30, − 0.02) raw gestational 
age acceleration at nominal significance (Table  4). Also, 
one SDS (27.9 pmol/L) increase in cord serum active B12 
concentrations was associated with − 0.15 weeks (95% CI 
− 0.29, − 0.01) raw gestational age acceleration. The asso-
ciations did not remain when adjusting for multiple test-
ing. Neither of these associations changed substantially 
in the “mediator” models (Additional file  2: Table  S10). 
In the subgroup, none of the exposures were associated 
with gestational age acceleration using Bohlin’s method 
(Table 4, all P values ≥ 0.05). We did not stratify the folate 
analyses on newborn rs1801133 (MTHFR) genotype, nor 

the vitamin B12 analyses on rs3742801 (ABCD4) geno-
type, since the interaction terms were not significant (P 
values ≥ 0.05).

Discussion
This study found some evidence that higher maternal 
plasma homocysteine concentrations are associated with 
positive age acceleration, referring to faster epigenetic 
as compared to clinical gestational aging. In addition, 
higher cord serum total and active B12 concentrations 
may be associated with negative gestational age accelera-
tion, indicating slower epigenetic aging as compared to 
clinical gestational aging.

Folate, vitamin B12 and homocysteine interact in the 
one-carbon metabolism, which is involved in the dona-
tion of methyl groups for DNA methylation [9]. Previous 
studies have reported associations of these micronutri-
ents in blood with newborn DNA methylation [10–13]. 
Altered epigenetic aging in response to the environment 
in utero, resulting in gestational age acceleration, might 
be an underlying mechanism for the associations of cir-
culating folate, vitamin B12 and homocysteine concentra-
tions during pregnancy and health outcomes in children 
[2, 3, 5, 9, 20]. We hypothesized that subtle differences in 

Table 4  Associations of circulating folate, vitamin B12 and homocysteine concentrations with gestational age acceleration (subgroup 
analysis)

*This association at nominal significance did remain if we applied a Bonferroni correction, adjusting for four exposures (0.05/4)

This analysis included 380 newborns of mothers with optimal pregnancy dating based on a regular menstrual cycle and gestational age determined by last menstrual 
period. For the analysis using Bohlin’s epigenetic clock we included 378 of these newborns, after excluding 2 newborns with missing data for some CpGs required 
for the DNA methylation gestational age calculation. Values represent regression coefficients (95% confidence interval) and reflect the difference in raw and residual 
gestational age acceleration at birth per increase of 1 standard deviation score in exposure variable. Results are based on the main models, which were adjusted for 
maternal age, education, pre-pregnancy BMI, parity and smoking, child sex, batch effects (by including plate number), cell types, and additionally for gestational 
age at blood sampling in early pregnancy models. Folate and homocysteine concentrations were measured in plasma and total and active B12 concentrations were 
measured in serum

CI confidence interval, SDS standard deviation score
a Raw gestational age acceleration (in weeks) was obtained by subtracting the clinical estimate of gestational age from DNA methylation gestational age
b Residual gestational age acceleration (no unit) was calculated from the residuals from a regression model of DNA methylation gestational age on clinical gestational 
age

Bohlin Knight

Raw accelerationa Residual accelerationb Raw accelerationa Residual accelerationb

Difference (95% CI) 
in weeks

P 
value

Difference (95% 
CI)

P 
value

Difference (95% CI) 
in weeks

P 
value

Difference (95% 
CI)

P 
value

Early pregnancy

 Folate, SDS − 0.01 (− 0.11, 0.10) 0.89 0.02 (− 0.04, 0.08) 0.50 − 0.01 (− 0.15, 0.13) 0.88 0.02 (− 0.10, 0.14) 0.75

 Total B12, SDS 0.02 (− 0.08, 0.12) 0.71 0.03 (− 0.03, 0.09) 0.36 − 0.03 (− 0.17, 0.12) 0.71 − 0.01 (− 0.14, 0.11) 0.82

 Active B12, SDS − 0.03 (− 0.14, 0.08) 0.60 0.01 (− 0.05, 0.08) 0.72 − 0.07 (− 0.22, 0.08) 0.36 − 0.04 (− 0.17, 0.10) 0.60

 Homocysteine, SDS 0.04 (− 0.07, 0.16) 0.47 − 0.04 (− 0.11, 0.03) 0.25 − 0.02 (− 0.16, 0.12) 0.79 − 0.08 (− 0.20, 0.04) 0.20

Cord blood

 Folate, SDS − 0.09 (− 0.19, 0.02) 0.11 − 0.04 (− 0.10, 0.03 0.24 0.05 (− 0.09, 0.18) 0.52 0.08 (− 0.04, 0.20) 0.18

 Total B12, SDS − 0.10 (− 0.20, 0.00) 0.06 − 0.03 (− 0.09, 0.03) 0.37 − 0.16 (− 0.30, − 0.02) 0.02* − 0.10 (− 0.22, 0.02) 0.12

 Active B12, SDS − 0.11 (− 0.21, 0.00) 0.06 − 0.05 (− 0.11, 0.01) 0.12 − 0.15 (− 0.29, − 0.01) 0.04* − 0.10 (− 0.23, 0.02) 0.10

 Homocysteine, SDS − 0.00 (− 0.10, 0.09) 0.93 − 0.01 (− 0.06. 0.05) 0.78 − 0.00 (− 0.14, 0.14) 0.97 − 0.01 (− 0.13, 0.12) 0.91
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circulating folate, vitamin B12 and homocysteine con-
centrations during fetal development are associated with 
gestational age acceleration.

In the full cohort, using Bohlin’s epigenetic clock, 
higher maternal plasma homocysteine concentrations 
were associated with positive raw gestational age accel-
eration. In a subgroup of newborns of mothers with opti-
mal pregnancy dating, using Knight’s epigenetic clock, 
higher cord serum vitamin B12 concentrations were 
associated with negative raw gestational age acceleration. 
These findings are in line with our hypothesis. Previous 
work from birth cohorts reported associations of lower 
circulating homocysteine concentrations but higher cir-
culating vitamin B12 concentrations during fetal devel-
opment with beneficial health outcomes from birth 
onwards [2, 3, 5]. Changes in epigenetic gestational age 
may be an underlying mechanism. In adults, positive age 
acceleration is associated with worse outcomes [18, 19]. 
Folic acid and vitamin B12 supplementation have been 
associated with reduced age acceleration in a specific 
subgroup of elderly women with MTHFR 677CC geno-
type [20]. However, it is not evident whether findings in 
adults can directly be translated to gestational age accel-
eration in newborns. Previously, various exposures dur-
ing pregnancy have been associated with both positive 
and negative gestational age acceleration. Insulin-treated 
gestational diabetes mellitus in a previous pregnancy, 
maternal Sjögren’s syndrome and antenatal depression 
have all been associated with negative gestational age 
acceleration [24, 26]. In contrast, maternal age [24] and 
BMI [23], pre-eclampsia [24], medication use and com-
plications or interventions in pregnancy [24] have been 
associated with positive gestational age acceleration [22–
26], as has vitamin D supplementation [25]. Birth size has 
previously been associated with both positive and nega-
tive gestational age acceleration [23, 24, 27]. Also, one 
study reported that associations of gestational age accel-
eration with child weight and length at various ages were 
not consistent in direction [27]. Therefore, rather than 
the linear interpretation in adults, a too strong accelera-
tion, be it positively or negatively, may represent a subop-
timal situation in newborns.

Our findings differed slightly between the two epige-
netic clocks. However, the effect size of the association 
of higher maternal plasma homocysteine concentrations 
with positive gestational age acceleration was the same 
for both Bohlin’s and Knight’s epigenetic clock. In con-
trast, for the associations of higher cord serum vitamin 
B12 concentrations with negative raw gestational age 
acceleration, observed for Knight’s epigenetic clock in 
the subgroup with optimal pregnancy dating, the effect 
estimates were 30% smaller when using Bohlin’s epige-
netic clock. A recent study examined associations of 

vitamin D supplementation with gestational age accel-
eration and found similar results using both Bohlin’s and 
Knight’s epigenetic clock [25]. However, the authors also 
reported differences between the two epigenetic clocks 
and their associations with exposures during pregnancy. 
Only gestational age acceleration based on Bohlin’s epi-
genetic clock was associated with higher maternal BMI 
and higher birth weight, whereas only gestational age 
acceleration based on Knight’s epigenetic clock was asso-
ciated with child sex. Differences in findings, depending 
on which epigenetic clock is used, could result from the 
resemblance of the study population under investigation 
with the training datasets used to develop either Bohlin’s 
or Knight’s epigenetic clock. In our full population, new-
borns were comparable to the newborns in which the 
Bohlin clock was developed, being from European eth-
nicity and with similar mean clinical gestational age of 
39.9 weeks [21, 30]. In contrast, the training dataset used 
to develop Knight’s epigenetic clock was of mixed ethnic 
background and characterized by a younger mean clini-
cal gestational age of 36.9  weeks, which was estimated 
based on LMP, similar to the included newborns in our 
subgroup analysis [22, 30]. In line with this, in our full 
population, the correlation between clinical and DNA 
methylation gestational age was higher when based on 
Bohlin’s epigenetic clock, as compared to Knight’s epi-
genetic clock. This suggests that epigenetic age esti-
mated by Bohlin’s epigenetic clock may be more accurate 
than epigenetic age estimated by Knight’s epigenetic 
clock in our population. In the subgroup with optimal 
pregnancy dating based on LMP, the correlation with 
Knight’s epigenetic clock increased slightly, potentially 
because clinical gestational age was estimated similarly. 
An alternative explanation for differences between find-
ings based on the used epigenetic clock may be that 
Bohlin’s and Knight’s epigenetic clock contain different 
CpGs, which may be indicative of different aspects of 
accelerated aging. Only one CpG (cg05365729) overlaps 
between the epigenetic clocks of Bohlin and Knight. We 
did not observe any associations for plasma folate con-
centrations. None of the differentially methylated CpGs 
in the previously published meta-analysis of EWASs on 
maternal folate concentrations were included in either 
Bohlin’s or Knight’s epigenetic clock [10, 22]. Varia-
tion in plasma folate concentrations may thus not be 
reflected in epigenetic accelerated gestational aging. A 
different explanation could be that folate may be asso-
ciated with differential DNA methylation at specific 
CpGs, but not with DNA methylation changes relevant 
for accelerated aging. Both our findings for circulating 
homocysteine and vitamin B12 concentrations, and the 
null results for circulating folate concentrations, require 
further replication.
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We found no associations of cord serum vitamin B12 
with gestational age acceleration in the full population, 
in which mothers with less optimal pregnancy dating 
were included. Measurement errors in fetal ultrasound 
imaging may yield inaccurate estimates of clinical ges-
tational age. Such errors subsequently have conse-
quences for the accuracy of estimating gestational age 
acceleration. In addition, pregnancy dating based on 
fetal ultrasound reduces biological variation in early 
fetal growth, which may result from environmental fac-
tors such as nutrition, including folate, vitamin B12 and 
homocysteine [29]. Thus, we consider the pregnancy 
dating in the subgroup to be more optimal than in the 
full group, which may have led to increased precision 
in the gestational age acceleration outcomes. However, 
the observed association between maternal plasma 
homocysteine concentrations and gestational age accel-
eration estimated by Bohlin’s epigenetic clock in the full 
population was not found in the subgroup, even though 
the correlation between clinical and Bohlin’s estima-
tion of DNA methylation gestational age increased. 
Whether this was due to lower power, which was not 
outweighed by increased precision in the clinical gesta-
tional age measurement, needs to be confirmed in fur-
ther studies.

We observed associations of plasma homocysteine and 
serum vitamin B12 concentrations with the raw, but not 
residual estimate of gestational age acceleration. In con-
trast, the previously described study on vitamin D sup-
plementation during pregnancy and associations with 
gestational age acceleration reported significant associa-
tions only for the residual estimate [25]. Future studies 
should examine whether the current findings for plasma 
homocysteine and serum vitamin B12 concentrations 
with raw gestational age acceleration represent true asso-
ciations, as raw gestational age might be confounded by 
clinical gestational age. Still, calculating both raw and 
residual gestational age acceleration seems justifiable as 
both measures might serve different purposes [24]. Con-
sequences of gestational age acceleration may depend on 
clinical gestational age. For example, raw gestational age 
acceleration of one week may have different implications 
for a neonate born at 40 weeks gestational age, as com-
pared to a premature born at 30 weeks. The raw estimate 
may be more useful and clinically relevant at individual 
level. In contrast, residual age acceleration may be appro-
priate for testing hypotheses at population level, as it is 
uncorrelated with clinical gestational age [24].

We observed associations of maternal plasma homo-
cysteine concentrations in pregnancy, but not in cord 
blood, with gestational age acceleration. In contrast, 
in the subgroup with optimal pregnancy dating, we 

observed nominal associations of cord blood but not 
early-pregnancy serum vitamin B12 concentrations with 
gestational age acceleration. If cord blood is a proxy for 
the third trimester, our findings could indicate that the 
first trimester is the critical period for associations of 
circulating homocysteine concentrations with gesta-
tional age acceleration, whereas the third trimester is the 
critical period for associations of circulating vitamin B12 
concentrations with gestational age acceleration. How-
ever, this hypothesis needs further study.

Strengths and limitations
This study is embedded in a large observational cohort 
study. For the measurement of DNA methylation, we 
selected an ethnically homogeneous European-ancestry 
subgroup of newborns. This may limit the generalizabil-
ity of our findings to other ethnicities. The availability of 
serum active B12 measurements, which potentially better 
reflects circulating vitamin B12 status than total B12, is 
a major strength of our study. Although this cohort has 
a relatively large set of DNA methylation data available, 
it could be that we did not have not enough power to 
find more true associations. Future larger (meta-)analy-
ses could shed more light on this. Our study included 
relatively few participants with low circulating folate and 
active B12 concentrations, or high homocysteine concen-
trations, although specific clinical cutoff values for preg-
nant women do not exist. It may be that more extreme 
variations in folate, vitamin B12 and homocysteine blood 
concentrations are associated with gestational age accel-
eration. Blood samples were stored at room temperature 
for up to 3  h, which may have led to time-dependent 
increases in homocysteine concentrations due to a con-
tinuous production and release of homocysteine from 
blood cells [31, 32]. This may have limited our capacity 
to detect significant associations between homocysteine 
and all outcomes.

Conclusions
We found some indication that maternal plasma homo-
cysteine concentrations may be associated with positive 
gestational age acceleration. In addition, cord serum vita-
min B12 concentrations may be associated with nega-
tive gestational age acceleration. This could imply that 
altered epigenetic aging in response to subtle differences 
in homocysteine and vitamin B12 concentrations might 
be an underlying mechanism for the associations of these 
micronutrients during fetal development and child health 
outcomes. Future studies should replicate our analyses 
among larger samples of mothers with optimal preg-
nancy dating and newborns from different underlying 
populations.
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Methods
Participants
This study was embedded in the Generation R Study, a 
population-based prospective cohort study from fetal 
life onwards in Rotterdam, the Netherlands [28]. The 
Medical Ethical Committee of Erasmus MC, University 
Medical Center Rotterdam, approved the study (MEC 
198.782/2001/31). Pregnant women with an expected 
delivery date between April 2002 and January 2006 liv-
ing in Rotterdam were eligible to participate, and written 
informed consent was obtained from all participants. We 
measured folate, total and active B12 and homocysteine 
concentrations in maternal blood drawn in early preg-
nancy and in cord blood. In 1396 of the 9901 live-born 
newborns participating in the Generation R Study, we 
measured genome-wide DNA methylation in cord blood. 
This subgroup was selected from the total study popu-
lation as a relatively homogeneous, European-ancestry 
subgroup. In the current study, we included mother–
newborn pairs who met the following criteria: infor-
mation on gestational age at birth and neonatal DNA 
methylation data available and at least one measurement 
of circulating folate, total or active B12 or homocyst-
eine concentrations in either pregnancy or cord blood. 
Among these were 15 mothers with two (non-twin) 
children. Per mother, we included only one child by first 
selecting based on completeness of exposure data, and if 
equal, based on completeness of covariates.

Maternal and neonatal folate, vitamin B12 
and homocysteine blood concentrations
Maternal venous blood samples were drawn in early 
pregnancy (gestational age ≤ 17  weeks) in a dedicated 
research center under non-fasting conditions, and cord 
blood samples were taken immediately after delivery 
[2]. After collection, blood samples were stored at room 
temperature for a maximum of 3  h, before being trans-
ported to the regional laboratory for processing and stor-
age at − 80  °C. Folate and homocysteine concentrations 
were measured in EDTA plasma, and total and active B12 
concentrations were measured in serum in the Depart-
ment of Clinical Chemistry at Erasmus MC, University 
Medical Centre Rotterdam. After thawing, folate, vita-
min B12 and homocysteine concentrations were ana-
lyzed using an immune-electro-chemo-luminescence 
assay on the Architect System [2]. Concentrations below 
or above the measuring ranges of this assay for folate 
(1.8–45.3 nmol/l), total B12 (44–1476 pmol/l), active B12 
(5–128  pmol/l) and homocysteine (1–50  µmol/l) could 
not be quantified and were recorded as either the lower 
or the upper limit of the measuring range of the assay 
(n = 9 and n = 8 for maternal and neonatal folate, respec-
tively; n = 1 and n = 2 for maternal and neonatal total 

B12, respectively; n = 4 and n = 189 for maternal and neo-
natal active B12, respectively; n = 0 for both maternal and 
neonatal homocysteine). We also dichotomized maternal 
and cord blood folate (≥ 8 and < 8 nmol/L, respectively), 
total B12 (≥ 145 and < 145  pmol/L, respectively), active 
B12 (≥ 21 and < 21 pmol/L, respectively) and homocyst-
eine (< 19 and ≥ 19 μmol/L, respectively) concentrations 
according to the 95% reference interval for healthy adults 
[2, 9, 33]. We only explored whether low maternal serum 
total B12 status showed different associations with gesta-
tional age acceleration, as compared to normal maternal 
serum total B12 status. For the other exposures, the per-
centage of mothers or newborns with abnormal values 
was deemed too small for meaningful analyses.

DNA methylation data
We used the salting-out method to extract DNA from 
cord blood samples. Five-hundred nanograms of DNA 
were bisulfite converted using the EZ-96 DNA Methyla-
tion kit (Shallow) (Zymo Research Corporation, Irvine, 
USA). Samples were processed with the Illumina Infin-
ium HumanMethylation450 BeadChip (Illumina Inc., San 
Diego, USA). Quality control and normalization were 
performed using the CPACOR workflow [34]. Probes 
with a detection p ≥ 1E−16 were set to missing. Inten-
sity values were quantile normalized. We removed arrays 
with technical problems, a call rate ≤ 95%, or a mismatch 
between the expected sex of participant and sex deter-
mined by chromosome X and Y probe intensities. Probes 
on the sex chromosomes were removed before the analy-
ses. We used untransformed beta-values as measures of 
DNA methylation. The final DNA methylation dataset 
contained information on 458,563 CpGs.

Gestational age estimation and gestational age 
acceleration
Participating pregnant mothers were seen in the first tri-
mester of pregnancy for fetal ultrasound at our research 
center [35]. During this visit, gestational age was estab-
lished. If mothers had a known and reliable first day of 
the LMP, and a regular menstrual cycle of 28 ± 4  days, 
the clinical estimate of gestational age was based on LMP 
[35]. If mothers did not know the exact date of their LMP, 
or had an irregular menstrual cycle, we established ges-
tational age by ultrasound examination, which does not 
take into account variation in early fetal growth [35]. 
Measurement error in gestational age acceleration may 
occur if either the clinical or the DNA methylation ges-
tational age estimate is inaccurate. Therefore, we selected 
380 newborns of mothers with optimal pregnancy dating 
based on LMP for sensitivity analyses. Gestational age at 
birth was assessed from midwife or obstetric records.
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We calculated DNA methylation gestational age using 
two different epigenetic clocks, to test the robustness 
of our results. We used the GA prediction package ver-
sion 1.16.0 in R 3.6.1 to calculate DNA methylation ges-
tational age based on the epigenetic clock developed by 
Bohlin [21, 36]. Bohlin estimates epigenetic gestational 
age based on DNA methylation levels of 96 CpGs from 
the HumanMethylation450 BeadChip selected trough 
Lasso regression (21). None of the 96 required CpGs 
were missing in our dataset, but we excluded newborns 
with missing values for one or more of the required CpGs 
(total study population: n = 11; subgroup with optimal 
pregnancy dating: n = 2). We used the methylclock pack-
age 0.5.0 in R 3.6.1 to calculate DNA methylation ges-
tational age based on the epigenetic clock developed by 
Knight [22, 37, 38]. Knight’s epigenetic clock estimates 
gestational age based on methylation levels of 148 CpGs 
selected through elastic net regression, which are avail-
able on both the HumanMethylation27 and the Human-
Methylation450 BeadChip [22, 24]. None of the 148 
required CpGs were missing in our dataset. We calcu-
lated both raw and residual gestational age acceleration 
based on the epigenetic clocks of Bohlin and Knight and 
analyzed both measures of acceleration, in line with pre-
vious research [24, 25, 37]. Raw gestational age accelera-
tion (in weeks) was obtained by subtracting the clinical 
estimate of gestational age from DNA methylation ges-
tational age. This measure is straightforward, but does 
not take into account the potential confounding effect of 
clinical gestational age on DNA methylation gestational 
age, as variance is shared between clinical and DNA 
methylation gestational age [24]. Residual gestational 
age acceleration was calculated as the residuals from a 
regression model of DNA methylation gestational age 
on clinical gestational age [37]. By definition, this meas-
ure is uncorrelated with clinical gestational age [24]. 
Positive gestational age acceleration was defined as older 
DNA methylation gestational age than clinical gestational 
age; negative gestational age acceleration was defined as 
younger DNA methylation gestational age than clinical 
gestational age.

Covariates
We selected potential covariates based on previous lit-
erature. Maternal covariates included age at conception, 
educational level, pre-pregnancy BMI, parity, smoking 
during pregnancy and the early-pregnancy analyses also 
gestational age at blood sampling. The latter was included 
because physiologically concentrations of all exposures 
decline during pregnancy [9]. In addition, we included 
child sex as a covariate. We obtained information on 
maternal covariates from questionnaires sent out in each 
trimester of pregnancy. Information on child sex and 

birth weight, for which we calculated sex- and gestational 
age-dependent standard deviation scores, was obtained 
from midwife and hospital records [39]. We considered 
birth weight as a potential mediator. We used the “Salas” 
reference set for the estimation of cell type proportion in 
the “FlowSorted.CordBlood.Combined.450  K” Biocon-
ductor package [40]. This reference set includes the fol-
lowing cell types: CD8+ T cells, CD4+ T cells, natural 
killer cells, B cells, monocytes, granulocytes, nucleated 
red blood cells. We tested for an interaction between 
plasma folate concentrations and newborn rs1801133 
(MTHFR) genotype, and between serum vitamin B12 
concentrations and rs3742801 (ABCD4) genotype [41]. 
These SNPs were selected because of their expected roles 
in fetal folate and vitamin B12 metabolism, respectively 
[42].

Statistical analysis
First, we performed a non-response analysis, using Stu-
dent’s t-tests, Mann–Whitney tests and Chi-square tests. 
We compared characteristics of newborns included in 
the analyses, to not included newborns, which were not 
selected for cord blood DNA methylation measurement, 
had no information on any exposure or had a sibling 
that was included in the analyses. Second, we calculated 
Spearman’s correlation coefficients between clinical and 
DNA methylation gestational age and between maternal 
and neonatal exposures. To compare effect estimates, we 
analyzed folate, total and active B12 and homocysteine 
blood concentrations continuously per SDS. We exam-
ined the associations of maternal and neonatal folate, 
total and active B12 and homocysteine blood concentra-
tions with raw and residual gestational age acceleration, 
calculated based on Bohlin’s and Knight’s method, using 
linear regression models in R 3.6.1 [38]. Crude models 
were adjusted for batch effects by including plate num-
ber, for sex and also for gestational age at blood sampling 
in the early-pregnancy models. Basic models were addi-
tionally adjusted for estimated cell types. Main models 
were additionally adjusted for maternal age, education, 
pre-pregnancy BMI, parity and smoking. To examine 
the impact of variation in cell type proportions, the 
main model was also run without cell type adjustment 
(reduced main model), in line with previous research 
[23]. We also analyzed the associations of normal ver-
sus low (< 145  pmol/L) maternal total B12 status with 
gestational age acceleration. For the other exposures, 
the percentage of participants with concentrations out-
side the 95% reference interval was very low, and there-
fore similar analyses were not performed. We further 
assessed whether our results for active B12 changed 
after excluding the 189 newborns with serum active B12 
concentrations corresponding to the upper limit of the 
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analytic range of the immuno-assay. For other exposures, 
we did not perform such sensitivity analyses, because 
less than ten participants had blood concentrations 
corresponding to the limit of the analytic range of the 
immuno-assay. Only in case of significant associations 
in the main model, we ran mediator models, addition-
ally adjusting for birth weight (birth weight model), folate 
(folate model), vitamin B12 (total B12 model and active 
B12 model) and homocysteine (homocysteine model), 
to explore whether any associations were explained by 
these covariates. Finally, to examine potential nonlinear-
ity of the associations, we studied both the maternal and 
newborn exposures in quintiles, with the third quintile as 
the reference category. We used multiple imputation for 
covariates with missing values, using the Markov chain 
Monte Carlo method. We created five datasets and ana-
lyzed these together [43]. We performed all statistical 
analyses using the Statistical Package for the Social Sci-
ences version 25.0 (SPSS IBM, Chicago, Illinois, USA). 
We considered P values < 0.05 statistically significant.

Abbreviations
BMI: Body mass index; CI: Confidence interval; CpG: Cytosine-guanine 
dinucleotide; CpGs: CpG sites; EWAS: Epigenome-wide association study; SD: 
Standard deviation; SDS: Standard deviation score.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13148-​021-​01065-x.

Additional file 1: Figure S1. Flowchart of the study population. Figure 
S2. Correlation between clinical and DNA methylation gestational age.

Additional file 2: Table S1. Maternal and child characteristics based on 
imputed data (n = 1346). Table S2. Correlation matrix of circulating folate, 
vitamin B12 and homocysteine concentrations. Table S3. Non-response 
analysis. Table S4. Associations of maternal plasma homocysteine con-
centrations with raw gestational age acceleration estimated by Bohlin’s 
epigenetic clock (mediator models). Table S5. Associations of circulating 
folate, vitamin B12 and homocysteine concentrations with gestational age 
acceleration (reduced main models). Table S6. Associations of circulating 
folate, vitamin B12 and homocysteine concentrations with gestational 
age acceleration (crude models). Table S7. Associations of circulating 
folate, vitamin B12 and homocysteine concentrations with gestational age 
acceleration (basic models). Table S8. Associations of low versus normal 
early-pregnancy serum total B12 concentrations with gestational age 
acceleration. Table S9. Associations of cord serum active B12 concentra-
tions with gestational age acceleration (sensitivity analysis). Table S10. 
Associations of cord serum vitamin B12 concentrations with gestational 
age acceleration estimated by Knight’s epigenetic clock (subgroup analy-
sis, mediator models)

Acknowledgements
The Generation R Study is conducted by the Erasmus Medical Center in close 
collaboration with the School of Law and Faculty of Social Sciences of the 
Erasmus University Rotterdam, the Municipal Health Service Rotterdam area, 
Rotterdam, the Rotterdam Homecare Foundation, Rotterdam and the Sticht-
ing Trombosedienst & Artsenlaboratorium Rijnmond (STAR-MDC), Rotterdam. 
We gratefully acknowledge the contribution of children and parents, general 
practitioners, hospitals, midwives and pharmacies in Rotterdam. The genera-
tion and management of the Illumina 450K methylation array data (EWAS 

data) for the Generation R Study was executed by the Human Genotyping 
Facility of the Genetic Laboratory of the Department of Internal Medicine, 
Erasmus MC, and the Netherlands. We thank Mr. Michael Verbiest, Ms. Mila 
Jhamai, Ms. Sarah Higgins, Mr. Marijn Verkerk and Dr. Lisette Stolk for their help 
in creating the EWAS database. We thank Dr. Alexander Teumer for his work on 
the quality control and normalization scripts.

Authors’ contributions
JFF and VWVJ were responsible for conceptualization of this study. GSM 
analyzed the data. GSM, JFF, SGH and VWVJ interpreted the data. GSM wrote 
the original draft of the manuscript under the supervision of JFF, and VWVJ, 
SGH and LKK were major contributors. All authors read and contributed to the 
preparation of the final manuscript. All authors read and approved the final 
manuscript.

Funding
The general design of the Generation R Study is made possible by financial 
support from the Erasmus MC, University Medical Centre Rotterdam, Erasmus 
University Rotterdam, The Netherlands Organization for Health Research and 
Development (ZonMw), the Netherlands Organization for Scientific Research 
(NWO), the Ministry of Health, Welfare and Sport and the Ministry of Youth and 
Families. The EWAS data was funded by a grant to VWVJ from the Netherlands 
Genomics Initiative (NGI)/Netherlands Organization for Scientific Research 
(NWO) Netherlands Consortium for Healthy Aging (NCHA; project number 
050-060-810), by funds from the Genetic Laboratory of the Department of 
Internal Medicine, Erasmus MC, and by a grant from the National Institute 
of Child and Human Development (R01HD068437). VWVJ received funding 
from the European Research Council (ERC-2014-CoG-648916). The project 
was supported by funding from the European Union’s Horizon 2020 research 
and innovation program under grant agreements No 733206 (LifeCycle) and 
874739 (LongITools), and from the European Joint Programming Initiative 
“A Healthy Diet for a Healthy Life” (JPI HDHL, NutriPROGRAM project, ZonMw 
the Netherlands no.529051022 and PREcisE project ZonMw the Netherlands 
no.529051023).

Availability of data and materials
The datasets generated and/or analyzed during the current study are not 
publicly available due to privacy restrictions, but are available from the cor-
responding author on reasonable request, subject to the Generation R Study 
executive data access procedures.

Declarations

Ethics approval and consent to participate
The Medical Ethical Committee of Erasmus MC, University Medical Center 
Rotterdam, approved the study protocol of the Generation R study (MEC 
198.782/2001/31). Written informed consent was obtained for all participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 The Generation R Study Group (Na‑2918), Erasmus MC, University Medical 
Center Rotterdam, Rotterdam, The Netherlands. 2 Department of Pediatrics, 
Erasmus MC, University Medical Center Rotterdam, Rotterdam, The Neth-
erlands. 3 Division of Human Nutrition and Health, Wageningen University, 
Wageningen, The Netherlands. 4 Department of Clinical Chemistry, Erasmus 
MC, University Medical Center Rotterdam, Rotterdam, the Netherlands. 

Received: 27 January 2021   Accepted: 29 March 2021

References
	1.	 Barker DJ, Clark PM. Fetal undernutrition and disease in later life. Rev 

Reprod. 1997;2:105–12.

https://doi.org/10.1186/s13148-021-01065-x
https://doi.org/10.1186/s13148-021-01065-x


Page 11 of 11Monasso et al. Clin Epigenet           (2021) 13:95 	

	2.	 Bergen NE, Jaddoe VWV, Timmermans S, Hofman A, Lindemans J, Russ-
cher H, et al. Homocysteine and folate concentrations in early pregnancy 
and the risk of adverse pregnancy outcomes: the Generation R Study. 
BJOG. 2012;119(6):739–51.

	3.	 Krikke GG, Grooten IJ, Vrijkotte TGM, van Eijsden M, Roseboom TJ, Painter 
RC. Vitamin B12 and folate status in early pregnancy and cardiometabolic 
risk factors in the offspring at age 5–6 years: findings from the ABCD 
multi-ethnic birth cohort. BJOG. 2016;123:384–92.

	4.	 Rogne T, Tielemans MJ, Chong MF, Yajnik CS, Krishnaveni GV, Poston L, 
et al. Associations of maternal vitamin B12 concentration in pregnancy 
with the risks of preterm birth and low birth weight: a systematic 
review and meta-analysis of individual participant data. Am J Epidemiol. 
2017;185(3):212–23.

	5.	 Miliku K, Mesu A, Franco OH, Hofman A, Steegers EAP, Jaddoe VWV. 
Maternal and fetal folate, vitamin B12 and homocysteine concentrations 
and childhood kidney outcomes. Am J Kidney Dis. 2018;69(4):521–30.

	6.	 Felix JF, Cecil C. Population DNA methylation studies in the Developmen-
tal Origins of Health and Disease (DOHaD) framework. J Dev Orig Health 
Dis. 2019;10(3):306–13.

	7.	 Tobi EW, Goeman JJ, Monajemi R, Gu H, Putter H, Zhang Y, et al. DNA 
methylation signatures link prenatal famine exposure to growth and 
metabolism. Nat Commun. 2014;5:5592.

	8.	 Rizzo HE, Escaname EN, Alana NB, Lavender E, Gelfond J, Fernandez R, 
et al. Maternal diabetes and obesity influence the fetal epigenome in a 
largely Hispanic population. Clin Epigenet. 2020;12(1):34.

	9.	 Dominguez-Salas P, Cox SE, Prentice AM, Hennig JB, Moore ES. Maternal 
nutritional status, C1 metabolism and offspring DNA methylation: 
a review of current evidence in human subjects. Proc Nutr Soc. 
2012;71:154–65.

	10.	 Joubert BR, Den Dekker HT, Felix JF, Bohlin J, Ligthart S, Beckett E, et al. 
Maternal plasma folate impacts differential DNA methylation in an epige-
nome-wide meta-analysis of newborns. Nat Commun. 2016;10(7):10577.

	11.	 McKay JA, Groom A, Potter C, Coneyworth LJ, Ford D, Mathers JC, et al. 
Genetic and non-genetic influences during pregnancy on infant global 
and site specific DNA methylation: role for folate gene variants and 
vitamin B12. PLoS ONE. 2012;7:e33290.

	12.	 Ba Y, Yu H, Liu F, Geng X, Zhu C, Zhu Q, et al. Relationship of folate, vitamin 
B12 and methylation of insulin-like growth factor-II in maternal and cord 
blood. Eur J Clin Nutr. 2011;65:480–5.

	13.	 Fryer AA, Nafee TM, Ismail KM, Carroll WD, Emes RD, Farrell WE. LINE-1 
DNA methylation is inversely correlated with cord plasma homocysteine 
in man: a preliminary study. Epigenetics. 2009;4(6):394–8.

	14.	 Sukumar N, Saravanan P. Investigating vitamin B12 deficiency. BMJ. 
2019;365:1865.

	15.	 Horvath S. DNA methylation age of human tissues and cell types. 
Genome Biol. 2013;14:R115.

	16.	 Hannum G, Guinney J, Zhao L, Hughes G, Sadda S, Klotzle B, et al. 
Genome-wide methylation profiles reveal quantitative views of human 
aging rates. Mol Cell. 2013;49:359–67.

	17.	 Levine ME, Lu AT, Quach A, Chen BH, Assimes TL, Bandinelli S, et al. 
An epigenetic biomarker of aging for lifespan and healthspan. Aging. 
2018;10(4):573–91.

	18.	 Chen BH, Marioni RE, Colicino E, Peters MJ, Ward-Caviness CK, Tsai PC, 
et al. DNA methylation-based measures of biological age: meta-analysis 
predicting time to death. Aging. 2016;8(9):1844–65.

	19.	 Perna L, Zhang Y, Mons U, Holleczek B, Saum KU, Brenner H. Epigenetic 
age acceleration predicts cancer, cardiovascular, and all-cause mortality 
in a German case cohort. Clin Epigenet. 2016;8:64.

	20.	 Sae-Lee C, Corsi S, Barrow TM, Kuhnle GGC, Bollati V, Mathers JC, et al. 
Dietary intervention modifies DNA methylation age assessed by the 
epigenetic clock. Mol Nutr Food Res. 2018;62:e1800092.

	21.	 Bohlin J, Håberg SE, Magnus P, Reese SE, Gjessing HK, Magnus MC, et al. 
Prediction of gestational age based on genome-wide differentially meth-
ylated regions. Genome Biol. 2016;17:207.

	22.	 Knight AK, Craig JM, Theda C, Bækvad-Hansen M, Bybjerg-Grauholm J, 
Hansen CS, et al. An epigenetic clock for gestational age at birth based 
on blood methylation data. Genome Biol. 2016;17(1):206.

	23.	 Khouja JN, Simpkin AJ, O’Keeffe LM, Wade KH, Houtepen LC, Relton CL, 
et al. Epigenetic gestational age acceleration: a prospective cohort study 
investigating associations with familial, sociodemographic and birth 
characteristics. Clin Epigenet. 2018;10:86.

	24.	 Girchenko P, Lahti J, Czamara D, Knight AK, Jones MJ, Suarez A, et al. Asso-
ciations between maternal risk factors of adverse pregnancy and birth 
outcomes and the offspring epigenetic clock of gestational age at birth. 
Clin Epigenetics. 2017;8(9):49.

	25.	 Chen L, Wagner CL, Dong Y, Wang X, Shary JR, Huang Y, et al. Effects of 
maternal vitamin D3 supplementation on offspring epigenetic clock of 
gestational age at birth: a post-hoc analysis of a randomized controlled 
trial. Epigenetics. 2020;1:11.

	26.	 Suarez A, Lahti J, Czamara D, Lahti-Pulkkinen M, Knight AK, Girchenko P, 
et al. The epigenetic clock at birth: associations with maternal antenatal 
depression and child psychiatric problems. J Am Acad Child Adolesc 
Psychiatry. 2018;57(5):321-8.e2.

	27.	 Bright HD, Howe LD, Khouja JN, Simpkin AJ, Suderman M, O’Keeffe LM. 
Epigenetic gestational age and trajectories of weight and height during 
childhood: a prospective cohort study. Clin Epigenet. 2019;11(1):194.

	28.	 Kooijman MN, Kruithof CJ, Van Duijn CM, Duijts L, Franco OH, Van Ijzen-
doorn MH, et al. The Generation R Study: design and cohort update 2017. 
Eur J Epidemiol. 2016;31(12):1243–64.

	29.	 Verburg BO, Steegers EA, De Ridder M, Snijders RJ, Smith E, Hofman A, 
et al. New charts for ultrasound dating of pregnancy and assessment of 
fetal growth: longitudinal data from a population-based cohort study. 
Ultrasound Obstet Gynecol. 2008;31(4):388–96.

	30.	 Simpkin AJ, Suderman M, Howe LD. Epigenetic clocks for gestational age: 
statistical and study design considerations. Clin Epigenet. 2017;9:100.

	31.	 Ueland PM, Refsum H, Stabler SP, Malinow MR, Andersson A, Allen RH. 
Total homocysteine in plasma or serum: methods and clinical applica-
tions. Clin Chem. 2019;39(9):1764–79.

	32.	 Abraham RA, Agrawal PK, Acharya R, Sarna A, Ramesh S, Johnston R, et al. 
Effect of temperature and time delay in centrifugation on stability of 
select biomarkers of nutrition and non-communicable diseases in blood 
samples. Biochem Med (Zagreb). 2019;29(2):020708.

	33.	 Visentin CE, Masih SP, Plumptre L, Schroder TH, Sohn KJ, Ly A, et al. Low 
serum vitamin B-12 concentrations are prevalent in a cohort of pregnant 
Canadian women. J Nutr. 2016;146(5):1035–42.

	34.	 Lehne B, Drong AW, Loh M, Zhang W, Scott WR, Tan ST, et al. A coherent 
approach for analysis of the Illumina HumanMethylation450 BeadChip 
improves data quality and performance in epigenome-wide association 
studies. Genome Biol. 2015;16:37.

	35.	 Gaillard R, Steegers EA, de Jongste JC, Hofman A, Jaddoe VWV. Tracking 
of fetal growth characteristics during different trimesters and the risks of 
adverse birth outcomes. Int J Epidemiol. 2014;43(4):1140–53.

	36.	 Bohlin J. GAprediction: prediction of gestational age with Illumina 
HumanMethylation450 data. R package version 1.16.0. ed2020.

	37.	 Pelegí-Sisó D, de Prado P, Ronkainen J, Bustamante M, González JR. 
methylclock: a Bioconductor package to estimate DNA methylation age. 
Bioinformatics. 2020. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btaa8​25.

	38.	 R Core Team. R: a language and environment for statistical computing. 
Vienna, Austria: R Foundation for Statistical Computing; 2013.

	39.	 Niklasson A, Karlberg P. Weight-for-length model in newborn Swedish 
infants. Acta Paediatr. 1993;82(4):333–9.

	40.	 Gervin K, Salas LA, Bakulski KM, Van Zelm MC, Koestler DC, Wiencke JK, 
et al. Systematic evaluation and validation of reference and library selec-
tion methods for deconvolution of cord blood DNA methylation data. 
bioRxiv. 2019;25:570457.

	41.	 Grarup N, Sulem P, Sandholt CH, Thorleifsson G, Ahluwalia TS, Steinthors-
dottir V, et al. Genetic architecture of vitamin B12 and folate levels 
uncovered applying deeply sequenced large datasets. PLOS Genet. 
2013;9(6):e1003530.

	42.	 Surendran S, Adaikalakoteswari A, Saravanan P, Shatwaan IA, Lovegrove 
JA, Vimaleswaran KS. An update on vitamin B12-related gene polymor-
phisms and B12 status. Genes Nutr. 2018;13:2.

	43.	 Sterne JA, White IR, Carlin JB, Spratt M, Royston P, Kenward MG, et al. Mul-
tiple imputation for missing data in epidemiological and clinical research: 
potential and pitfalls. BMJ. 2009;338:b2393.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1093/bioinformatics/btaa825

	Associations of circulating folate, vitamin B12 and homocysteine concentrations in early pregnancy and cord blood with epigenetic gestational age: the Generation R Study
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Results
	Subject characteristics
	Folate, vitamin B12 and homocysteine blood concentrations and gestational age acceleration

	Discussion
	Strengths and limitations

	Conclusions
	Methods
	Participants
	Maternal and neonatal folate, vitamin B12 and homocysteine blood concentrations
	DNA methylation data
	Gestational age estimation and gestational age acceleration
	Covariates
	Statistical analysis

	Acknowledgements
	References


