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Pregnancy homocysteine and cobalamin status predict
childhood metabolic health in the offspring
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BACKGROUND: Inadequate pregnancy cobalamin status has been associated with adverse offspring metabolic health in Indian and
Nepalese studies. Studies of pregnancy cobalamin status and mid-childhood health outside of Asia are scarce.
METHODS: Associations between pregnancy fasting plasma total homocysteine (tHcy), cobalamin status (plasma cobalamin,
holotranscobalamin (holoTC), methylmalonic acid (MMA)) and mid-childhood metabolic score (MetSco) ((including fat mass index
(zFMI), homeostatic model assessment of insulin resistance (zHOMA-IR) and dyslipidemia (zTG− zHDLc)/2) z-scores)) were
investigated in a prospective study of 293 mother–child dyads.
RESULTS: Highest versus low–mid pregnancy tHcy tertile was associated with higher mid-childhood MetSco, specifically with
higher child zFMI. Stratifying by sex, the maternal tHcy–child MetSco association was limited to boys and confirmed for zFMI and
zHOMA-IR. The maternal tHcy-child zFMI association was not mediated by birth weight z-score. First trimester plasma cobalamin
was not associated with child outcomes, but other indicators of cobalamin status were. Lowest versus mid–high plasma holoTC
tertile was associated with MetSco (specifically zFMI and zHOMA-IR) and highest versus low–mid plasma MMA tertile with higher
MetSco and dyslipidemia in boys.
CONCLUSIONS: Moderately elevated pregnancy tHcy and low cobalamin status were associated with mid-childhood metabolic
score in boys. The pregnancy tHcy–child zFMI association was not mediated by birth weight.

Pediatric Research (2023) 93:633–642; https://doi.org/10.1038/s41390-022-02117-5

IMPACT:

● Fasting plasma total homocysteine (tHcy) during pregnancy and low cobalamin status during early pregnancy are associated
with mid-childhood metabolic score and its components in the offspring. These findings were only significant in male offspring.

● The study provides new evidence that impaired one carbon metabolism during pregnancy is associated with negative health
outcomes in the offspring, in a population with low prevalence of cobalamin deficiency.

● The maternal–offspring associations were observed in the functional markers of cobalamin status (holotranscobalamin and
methylmalonic acid) and tHcy, not with plasma cobalamin concentration.

● Screening for low pregnancy cobalamin status should be considered.

INTRODUCTION
Low birth weight has been linked to cardiovascular disease,1,2

type 2 diabetes,3,4 hypertension,3–5 and elevated triglycerides.3

Elevated pregnancy fasting plasma total homocysteine (tHcy)
has been associated with low birth weight and intrauterine
growth retardation risk.6,7 In regions where cobalamin defi-
ciency is prevalent, low pregnancy cobalamin status has been
associated with impaired glucose metabolism in the mother and
the offspring during childhood.8 Similar results were reported in
Bangladeshi pregnant women, living in the UK.9 Combined with
cobalamin deficiency, high folate status during pregnancy has

been associated with gestational diabetes10 and exacerbation of
high adiposity and insulin resistance in the offspring.8 Preg-
nancy tHcy has also been associated with impaired glucose
metabolism and insulin resistance in the offspring.11 Cobalamin
deficiency is less prevalent in European women,12–14 but we
reported interactions between folic acid supplement regime and
low first trimester plasma cobalamin status (≤221 pmol/L)
leading to worse cobalamin status as pregnancy progressed in
women exceeding 400 µg/day of folic acid compared to those
who adhered to the recommended dose.12 Few studies outside
Asia have investigated how pregnancy one-carbon metabolism
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(1-CM) status affects childhood metabolic and growth out-
comes. In a multi-ethnic Dutch cohort where 11.9 and 13.8% of
the mothers were folate and cobalamin deficient, respectively,
maternal folate was inversely associated with body mass index
(BMI) and cobalamin with heart rate in the children.15 Low
postpartum maternal folate status was associated with increased
risk of childhood overweight/obesity in the offspring in a USA
study.16 In animal studies, folate- and cobalamin-deficient diets
during pregnancy or lactation lead to impaired glucose and lipid
metabolism in the offspring.17,18

We hypothesized that moderately elevated pregnancy tHcy and
cobalamin is associated with alterations in metabolic parameters
in the offspring. We aimed to investigate the association between
pregnancy tHcy, cobalamin status, and metabolic score in children
aged 6–8 years.

METHODS
Participants
Mother–child dyads (n= 293) from the PreC (Preconception) and RTBC
(Reus-Tarragona Birth Cohort [registered at www.clinicaltrials.gov,
NCT01778205]) studies participated from preconception/early preg-
nancy over 7–9 years (Fig. 1). The studies were approved by the Sant
Joan Reus (SJR) and Joan XXIII Tarragona (JXXIII) University Hospitals’
joint Ethics Committees (internal reference 22/2016, approved on 20/10/
2016 and revised on 30/10/2019), and conducted according to the
Declaration of Helsinki guidelines with informed consent from partici-
pants. Parents provided consent, and the children, verbal assent, for the
child phase.
Recruitment, described previously (PreC7,19,20 and RTBC12,21), was by the

Unit of Preventive Medicine and Public Health, Faculty of Medicine and
Health Sciences, Universitat Rovira i Virgili and the Units of Obstetrics and
Gynecology, SJR and JXXIII Hospitals. Non-pregnant women volunteered

for the PreC study in response to local city hall and media advertisements.
None of them took folic acid supplements periconceptionally because the
study was before the introduction of current recommendations.22 Some
took folic acid-containing supplements coinciding with iron supplementa-
tion in mid–late pregnancy and 35 women never took folic acid
supplements throughout pregnancy.
For the RTBC, participants were recruited from the high-risk obstetrics

units and University/Hospital staff and contacts. They were advised at their
first prenatal check-up to take supplements containing 400 µg folic acid/
day and 2 µg cyanocobalamin/day for the first trimester and 40mg iron/
day after 12 gestational weeks (GW). Women with anemia were treated
with iron supplements by their clinicians, and the iron doses were
recorded.

Health check-up at 6–8 years
Child participation was at 6 (PreC) or 7.5 years of age (RTBC). Clinical data
including anthropometric measurements were collected at the
study check-up as well as from health records and lifestyle habits by
interview with the parents.
Height was measured by stadiometer (with a precision of 0.1 cm).

Children stood still, with their heels together and feet facing outwards at a
60° angle, head in the Frankfort plane, and palms of their hands placed on
their legs.
Weight was measured on a mechanical beam scale with height rod

(Pesperson model) (PreC) and electronic scale with a precision of 0.100 g
(Tanita BC-420MA, Tanita Corporation, Tokyo, Japan) (RTBC).
Means of triplicate triceps (halfway between the acromion and the

olecranon process at the back of the arm) and subscapular (20mm below
the tip of the scapula, at an angle of 45° to the lateral side of the body)
skinfold thicknesses were measured by a Harpenden skinfold calliper
(Holtain Ltd, Crymych, Wales), with an accuracy of 0.2 mm. Fat mass
percentage (x) was determined from the sum of triceps (mm) and
subscapular (mm) skinfold thicknesses (y)23. Fat mass percentage was used
to calculate fat mass index24:

Fig. 1 Participant recruitment and follow-up. 1CM: 1 carbon metabolism.
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For y ≤ 35mm:

x Boysð Þ ¼ 1:21y � 0:008y2 � 1:7

x Girlsð Þ ¼ 1:33y � 0:013y2 � 2:5

For y > 35mm:

x Boysð Þ ¼ 0:783y þ 1:6

x Girlsð Þ ¼ 0:546y þ 9:7

Fat mass index ðFMIÞ ¼
weight in kgð Þ ´ sex specific x

100

� �

height in mð Þ2

Blood sample collection, processing and storage
Fasting blood samples were collected from the mothers at <12 GW (both
cohorts), 32 GW (PreC), 34 GW (RTBC), and children in EDTA-K2 evacuated
tubes, kept at 4 °C, and plasma separated within 1–2 h. Plasma samples
were stored at −20 °C (PreC) and −80 °C (RTBC) until all samples from the
same pregnancy were analysed in the same batch.

Biochemical determinations
tHcy was determined by immunoassay (PreC) (IMx autoanalyzer, Abbott,
Chicago, USA)19 and liquid-tandem mass spectrometry (RTBC).25 Plasma
methylmalonic acid (MMA) was determined by gas chromatography mass
spectrometry with methylchloroformate derivatization,25 folate and
cobalamin by microbiological assays with Lactobacillus casei26 and
Lactobacillus leichmannii,27 respectively, and holoTC by immunoassay
(AxSym autoanalyzer, Abbott Chicago, USA) in SJR Hospital.28 Plasma MMA
measurements were not available for the children from the PreC cohort
and plasma holoTC was not available for the children from the RTBC
cohort. Plasma insulin concentration was determined by Iso-Insulin ELISA
Kit (a solid-phase two-site enzyme immunoassay, Mercodia, Sweden) and
glucose by the glucose oxidase (GOD) peroxidase (POD) method
(Spinreact, Sant Esteve de Bas, Spain). Insulin resistance was calculated
as HOMA-IR [homeostasis model assessment of insulin resistance]= (FPI
[fasting plasma insulin concentration, mU/L] × FPG [fasting plasma glucose,
mmol/L])/22.5.29 Plasma total cholesterol and high-density lipoprotein
cholesterol (HDLc) were determined by enzymatic colorimetric techniques
(Spinreact, Sant Esteve de Bas, Spain), and triglycerides (TG) by glycerol
phosphate oxidase (GPO) peroxidase (POD) technique (Spinreact, Sant
Esteve de Bas, Spain). Low-density lipoprotein cholesterol was calculated
using the Friedewald formula (Total cholesterol− HDLc− triglycerides mg/
dL/5).30 Plasma lipoprotein(a) (Lp(a)) was determined by quantitative
turbidimetric test Lp(a)-turbilatex (Spinreact, Sant Esteve de Bas, Spain) and
Apolipoprotein A1 (ApoA1) and B (ApoB) by turbidimetry technique (ABX
Pentra, France).

Metabolic score
A modification of the risk score used in the IDEFICS cohort31 was used:

Metabolic score MetScoð Þ ¼ zFMIþ zTG� zHDLc
2

þ zHOMA� IR

The IDEFICS score includes waist circumference (WC) and blood
pressure. These were unavailable for PreC, so FMI was used and blood
pressure was omitted. Dyslipidemia was measured as (zTG− zHDLc)/2,
where HDLc is inversely associated with the metabolic risk profile. We
derived z-scores (standardized residuals) from a generalized linear model
(GLM) of each component (FMI, Lipids, HOMA-IR) as dependent variables,
including age and sex as the predictors.

Sample size calculation
A priori, by way of orientation, sample size calculation was based on the
hypothetical association between elevated pregnancy tHcy and childhood
obesity. A type 1 error of 5% and power of 80% in unilateral contrast tests
were assumed, for an expected odds ratio of ≥4 for childhood obesity for
pregnancy tHcy in the highest tertile, compared to the other tertiles

combined. We expected 38% of the children to be overweight and the
others to have normal weight. Based on a pilot study, 10% of the mothers
of normal weight children were expected to have had highest tertile
pregnancy tHcy (unpublished data).

Statistical analysis
Variable distribution normality was tested by the Kolmogorov–Smirnov
test and ln-transformation to approach normality applied as required for
parametric tests. Quantitative variables were compared between cate-
gories by the Student’s unpaired t test, medians by the Median test for K
independent samples (SPSS), and proportions by the Chi-square test.
Correlations between variables are reported as Spearman’s rank-order
correlation coefficients. Associations between pregnancy tHcy, cobalamin,
and folate status and mid-childhood outcomes (MetSco and its
components) were investigated by multiple linear regression analysis.
Associations were determined for the highest maternal tertiles of plasma
tHcy and MMA compared to the low–mid tertiles (combined) and lowest
maternal tertiles of plasma cobalamin, holoTC, and folate compared to the
mid–high tertiles (combined).
Models were adjusted for maternal characteristics (preconception (PreC)

and first trimester (RTBC) BMI, socioeconomic status, pregnancy smoking
pattern (never (reference group), first trimester only, throughout preg-
nancy), and child characteristics (breastfeeding (yes/no), BMI z-score32 as a
substitute for energy intake that is unavailable for the PreC cohort, and
tHcy). Mediation analysis was used to test whether the pregnancy
tHcy–offspring outcome associations were mediated by birth weight z-
score (Spanish birth weight tables).33

Assumptions in linear regression (linearity, homogeneity of variance
(homoscedasticity), normality of errors, independence of errors between
the two cohorts, model specification, and multicollinearity) were checked.
Unusual and influential data were detected by inspecting scatterplots of

the independent and dependent variables for potential outliers and
residuals, to exclude those with a Cook’s distance >4/n (N= 4). SPSS
version 27.0 for Windows, with the PROCESS macro34 for the mediation
analysis, was used.

RESULTS
Participant characteristics according to pregnancy tHcy status
are reported in Table 1. Maternal (including age, BMI, parity,
smoking habits, and socioeconomic status) and child (including
male sex prevalence, birth weight z-score, low birth weight
(<P10), and breastfeeding regime) characteristics were similar
between the pregnancy tHcy categories. Prevalence of
overweight–obesity according to Spanish tables32 was higher
in children born to mothers in the highest tHcy tertile in the first
trimester of pregnancy compared to the low–mid tertiles but
there was no difference among the third trimester tHcy tertiles.
Detailed maternal and child characteristics of both cohorts are
reported in Supplemental Table S1. RTBC mothers were slightly
older, less of them smoked but more of the smokers continued
smoking throughout pregnancy, and they had higher socio-
economic status. Generally, the biochemical indicators of first
trimester 1-CM status were better in the RTBC, except for plasma
MMA that did not differ between the two cohorts. The same was
true for third trimester indicators, except for plasma folate that
was lower in the RTBC. The prevalence of low birth weight was
lower in the RTBC and less of the babies had been breastfed for
at least 1 month. Child plasma tHcy and triglycerides were lower
in the RTBC, and HDLc and glucose were higher. None of the
other metabolic or biochemical parameters differed between
the two cohorts. Pregnancy tHcy, plasma cobalamin, and holoTC
were each weakly correlated with the same corresponding
variables in the children (Supplemental Table S2). Maternal
plasma holoTC was relatively strongly correlated with plasma
cobalamin and tHcy, compared to plasma MMA. Plasma holoTC,
cobalamin, and tHcy were all only weakly correlated with plasma
MMA. The child holoTC–cobalamin correlation was relatively
strong, and stronger than any of the other correlations among
child nutrients or tHcy. Child folate, holoTC, and cobalamin were
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inversely correlated with tHcy in that decreasing order of
strength of correlation. Pregnancy 1-CM status and child
biochemical data by pregnancy tHcy status is reported in
Table 2. Only folate status differed significantly between the
corresponding tHcy categories in both trimesters. Folate status
was lower and deficiency more prevalent in mothers in the
highest versus low–mid tHcy tertiles. More mothers had
cobalamin and folate deficiency in the third trimester compared
to the first. None of the children had cobalamin deficiency (data
not shown) but 4.6% had folate deficiency. Offspring tHcy and
plasma glucose concentration were higher when pregnancy
tHcy was in the highest versus low–mid tertiles and this was also
true for HOMA-IR when mothers had high tertile tHcy in the
third trimester. No differences were observed in any of the child
lipid parameters ((total cholesterol, plasma lipoprotein (a),
ApoA1 and ApoB, LDL cholesterol) by pregnancy tHcy status.
Determinants of first trimester maternal tHcy are reported in

Supplemental Table S3. Plasma folate concentration was the
strongest.
Associations between pregnancy tHcy status, child MetSco,

and its components are reported in Table 3. Offspring of
mothers with highest versus low–mid tHcy tertiles had higher
MetSco and zFMI. Stratifying by sex, the associations were only
significant in boys. Furthermore, in boys only, zHOMA-IR was
higher when mothers had third trimester tHcy in the highest
versus the low–mid tertiles.
Associations between pregnancy indicators of cobalamin status

and childhood outcomes are reported in Table 4. First trimester
plasma cobalamin was not associated with any child outcomes
but boys born to mothers with low third trimester plasma
cobalamin status had lower mid-childhood FMI. On the other
hand, first trimester holoTC in the lowest versus mid–high tertiles
was associated with higher MetSco, FMI, and insulin resistance in
boys. Highest first trimester MMA tertile versus low–mid tertiles
was associated with increased child metabolic score and
dyslipidemia ((zTG− zHDLc)/2) in boys. Associations between
pregnancy folate status and mid-childhood outcomes are
reported in Supplemental Table S4. Children of mothers with first
trimester plasma folate concentration in the lowest (<14.6 nmol/L)
versus mid–high tertiles had higher insulin resistance, and

stratifying by sex, this was limited to girls. Boys born to mothers
with third trimester plasma folate in the lowest compared to
mid–high tertiles had lower dyslipidemia.
Mediation analysis was used to explore whether the associa-

tions between first trimester tHcy and zFMI are partially mediated
via fetal growth (birth weight z-score) (Fig. 2). The direct effect
(tHcy outcome, coefficient c’), indirect effect ((tHcy–birth weight z-
score outcome, coefficient a (tHcy–birth weight), and coefficient b
(birth weight z-score outcome)) and total effect (tHcy outcome,
coefficient c, unadjusted for birth weight z-score) are illustrated.
The indirect effect (a × b) represents the association between tHcy
and child zFMI via the sequence tHcy–birth weight outcome.
The Monte Carlo confidence interval for the indirect effect
includes 0, indicating that birth weight does not play a role in
the association between early pregnancy tHcy and fat mass index
in the offspring.

DISCUSSION
Principal findings
Moderately elevated pregnancy tHcy was positively associated
with MetSco in boys, and specifically zFMI and zHOMA-IR. First
trimester low holoTC and high MMA were positively associated
with MetSco, first trimester holoTC with zFMI and zHOMA-IR, and
first trimester MMA with dyslipidemia in boys. The pregnancy
tHcy-child zFMI association was not mediated by birth weight.
Low third trimester plasma cobalamin was associated with lower
FMI and low plasma folate with lower dyslipidemia in boys. In girls
only, low first trimester plasma folate was positively associated
with zHOMA-IR.

Comparison with previous studies
Overall, these findings in participants with a low prevalence of
cobalamin deficiency support previous observations from studies
in countries where cobalamin deficiency is highly prevalent.
However, none of those were stratified by sex. Indian studies
reported no association between pregnancy tHcy and percentage
body fat or other anthropometric measurements in the offspring
in mid-childhood.8,11 We observed no association between
pregnancy folate and offspring FMI. However, a USA study

Table 3. Association between maternal tHcy highest tertile versus low-mid (reference)a and child metabolic outcomes at 6–8 years by multiple linear
regression analysis.

All Girls Boys

Adjusted R2 B coefficientsb

(SE)c
Adjusted R2 B coefficientsb

(SE)c
Adjusted R2 B coefficientsb

(SE)c

First
trimesterd

Metabolic score 0.437*** 0.418 (0.189)* 0.399*** 0.325 (0.315) 0.514*** 0.462 (0.224)*

zFat Mass Index 0.680*** 0.211 (0.073)** 0.749*** 0.150 (0.099) 0.637*** 0.276 (0.108)*

zHOMA-IR 0.152*** 0.081 (0.091) 0.127** 0.044 (0.156) 0.155** 0.109 (0.104)

(zTG–zHDLc)/2 0.014 0.252 (0.226) −0.036 0.263 (0.370) 0.065 0.154 (0.286)

Third
trimestere

Metabolic score 0.521*** 0.435 (0.183)* 0.545*** 0.446 (0.280) 0.519*** 0.511 (0.236)*

zFat Mass Index 0.664*** 0.190 (0.081)* 0.727*** 0.111 (0.113) 0.632*** 0.312 (0.113)**

zHOMA-IR 0.202*** 0.157 (0.087)† 0.205*** 0.129 (0.138) 0.140* 0.238 (0.114)*

(zTG–zHDLc)/2 0.053* 0.176 (0.227) 0.076 0.413 (0.339) 0.051 −0.077 (0.308)

Models adjusted for: maternal age, maternal body mass index, socioeconomic status, pregnancy smoking periconceptionally versus never, pregnancy smoking
during pregnancy versus never, breastfeeding (yes/no), zBMI at childhood check-up, child tHcy at check-up.
HDLc high-density lipoprotein cholesterol, HOMA-IR homeostasis model assessment of insulin resistance, TG triglycerides.
*P < 0.05, **P < 0.01,***P < 0.001, †P= 0.07.
aFirst trimester RTBC: low–mid <5.7 µmol/L, highest ≥5.7 µmol/L; PreC low–mid <7.1 µmol/L, highest ≥7.1 µmol/L; first trimester tHcy tertile values differed
between the cohorts due to different folic acid supplementation patterns. Third trimester (both cohorts): low–mid <5.7 µmol/L, highest ≥5.7 µmol/L.
bUnstandardized B coefficients of maternal tHcy highest versus low–mid tertiles (reference).
cStandard errors.
dAll (n= 197), girls (n= 103), boys (n= 94).
eAll (n= 182), girls (n= 95), boys (n= 87).
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observed that postpartum maternal folate protected against high
BMI z-score and probability of overweight or obesity in the
offspring. This was especially evident among obese mothers.16

The association between pregnancy tHcy and insulin resistance in
boys agrees with the findings for child postload glucose
concentrations, plasma insulin concentrations, and HOMA-IR
reported in an Indian study.11 Maternal cobalamin status was
not associated with insulin resistance in the offspring in our study,
agreeing with one Indian study11 but not with another8 or a
Nepalese study.35 However, we observed that low pregnancy
holoTC (fraction of cobalamin bound to trans-cobalamin II for
tissue uptake)36 status was associated with insulin resistance in
boys. The observed association between low pregnancy folate
status and higher HOMA-IR in the children (specifically girls)
agrees with a USA study that reported higher insulin resistance in
children born to obese mothers with low folate status.16 Our
results disagree with those from the Indian studies reporting an
association between high pregnancy folate status and insulin
resistance in the offspring.8,11

Folic acid-deficient diets led to increased steatosis in mice
(associated with insulin resistance).37 However, unlike our study
where the low pregnancy folate–child insulin resistance associa-
tion was limited to girls, in the mice the effects were more
frequent and severe in males.
The lack of association between maternal tHcy and offspring

dyslipidemia agrees with a previous Indian study.11 On the other
hand, pregnancy MMA was positively associated with MetSco and
dyslipidemia in boys. The low pregnancy folate status–lower
dyslipidemia in childhood (specifically boys) association disagrees
with a Dutch study reporting no association between pregnancy
folate and child triglycerides.15 High folic acid diets provoked
alterations in hepatocyte lipid metabolism consistent with
increased lipogenesis in male mice.38

Birth weight was not a mediator of the association between
maternal tHcy and child zFMI. A previous study refuted birth
weight as a mediator in the association between pre-pregnancy
obesity and anthropometric outcomes in children.39

Interpretation
Elevated tHcy has been associated with endothelial dysfunction,
affecting placental vasculature, and offspring cardiometabolic
health.40 Previously, we reported a greater strain by pregnancy
on cobalamin reserves (reflected by higher MMA) in women
starting pregnancy with low holoTC status.13 Here low preg-
nancy holoTC and high MMA are associated with higher MetSco
in boys. High MMA is also associated with dyslipidemia in boys
and low holoTC with increased FMI and HOMA-IR. The holoTC
and MMA findings suggest that the pregnancy tHcy–child

MetSco association may reflect impaired cobalamin status as
reported in previous studies.8,35 When metabolic syndrome
develops in adults, anomalies in glucose metabolism have been
reported to occur before obesity and dyslipidemia.41 Low fetal
cobalamin supply leading to reduced protein synthesis and
increased lipogenesis has been hypothesized to link maternal
cobalamin deficiency to increased insulin resistance in the
offspring.8,9 Regarding fat metabolism, animal studies showed
that severe hepatic steatosis occurred, secondary to cobalamin
deficiency in which elevated MMA inhibits the oxidation of free
fatty acids within the liver.42,43 This is unlikely in our study
because cobalamin deficiency was infrequent. However, 1-CM
and impaired glucose and adiposity have been linked.8,9,11 An
alternate hypothesis to a role for 1-CM should be considered.
However, maternal–child associations (MetSco and its compo-
nents) were independent of birth weight and maternal BMI,
which has been associated with offspring central fat and
cardiometabolic risk.40,44,45

Low first trimester cobalamin status, according to its indicators,
holoTC and MMA, was associated with adverse metabolic
outcomes in the child. However, lowest tertile third trimester
cobalamin status was associated with lower FMI in boys and
lowest tertile folate status with lower dyslipidemia. Cord plasma
cobalamin and folate are higher than circulating cobalamin and
folate, respectively, in the mother at birth.12 Low status in plasma
concentrations of these nutrients in late pregnancy may reflect
placental uptake of the vitamins rather than impaired status.46 We
hypothesize that early pregnancy status in cobalamin is a more
accurate reflection of the mother’s underlying status in this
nutrient than late pregnancy status. This may also be true for
folate but would be affected by current trends in early pregnancy
folic acid supplement use.
Mostly, the observed pregnancy–offspring outcomes were

specific to boys. Male animal47 and human48 embryos proliferate
to the blastocyst stage at a faster rate than females and sex
differences in gene expression in preimplantation embryos
occur.49 Male preimplantation embryos are more responsive to
intrauterine undernutrition than females.50 Also, placenta genes
are differentially expressed in male and female mice on different
folic acid supplementation regimes.51 Adult hepatocyte phospha-
tidylethanolamine N-methyltransferase differs between sexes52

and sex differences in other 1-CM enzymes have been described
in mice.53 In animal studies, dietary restrictions in 1-CM nutrients
during pregnancy led to genome-wide epigenetic modifications in
offspring DNA methylation. More than half of the affected loci
were specific to males and stronger effects were observed for
insulin resistance, adiposity, altered immune function, and high
blood pressure in males than in females.54 Glucose tolerance in
the female rat offspring was unaffected by restricted diets but
insulin was higher in males born to pregnant rat dams fed similar
diets.55

Further investigation is required to determine whether similar
maternal–offspring associations occur in girls but may be masked
by the physiological factors that drive differences in FMI between
girls and boys from 3 years onwards.56

Strengths and limitations
This study collected data prospectively from early pregnancy until
mid-childhood in mother–child dyads unexposed to mandatory
fortification with folic acid and with a low prevalence of cobalamin
deficiency.
The cohorts were recruited before (PreC) and after (RTBC)

periconceptional supplementation with folic acid recommenda-
tions were implemented. Nevertheless, they were from the same
hospitals, samples were collected and processed using identical
protocols, and all folate and cobalamin status determinations were
by the same methods. The cohorts were combined to improve
statistical power. Sensitivity analysis confirmed that the reported

a × b = 0.004

a = –0.043 b = –0.085*

c’ = 0.209**

c = 0.216**

95% Monte Carlo Cl: –0.023, 0.032
Birth weight z-score

Mediator?

First trimester tHcy

zFMI

zFMI

First trimester tHcy

Fig. 2 Mediation analysis34: association between first trimester
tHcy–child z-fat mass index via birth weight z-score. a, b, c’, and c
(linear regression analysis B coefficients adjusting for maternal age,
BMI, socioeconomic status, smoking (a), and birth weight z-score,
breastfeeding, and child zBMI, tHcy (b and c’) and excluding birth
weight (c)). N= 196 mother–child dyads. a × b= indirect effect of
tHcy on zFMI via birth weight z-score. *P < 0.05, **P < 0.01.
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associations occurred when the RTBC mother–child dyads were
analyzed alone (not shown).
WC or waist-to-height ratio are recommended for total body fat

assessment.56 However, FMI can also be used56 and skinfold
measurements are better alternatives to WC and BMI57 and
predict obesity well58 in children and adolescents. WC is
unavailable for the PreC cohort, but we confirmed the association
between pregnancy tHcy and offspring body fat using WC z-score
in RTBC (data not shown).
We assessed overweight–obesity using Spanish tables32

because the participants were almost exclusively Spanish. By
using the international obesity task force tables,59 the prevalence
of overweight–obesity in our population was higher (23.7 versus
20.2%). We considered the use of the Spanish tables appropriate
because we use population-specific curves to determine birth
weight and BMI z-scores and the aim of the study was to
investigate maternal–offspring outcomes and not to compare
prevalence between different countries.
Residual confounding from factors not considered in our

models may occur. However, our models were controlled for
numerous maternal and child factors that influence offspring
growth.60

CONCLUSIONS
Moderately elevated pregnancy tHcy and low holoTC status were
positively associated with MetSco, zFMI, and zHOMA-IR in boys.
High pregnancy MMA was also positively associated with MetSco
and dyslipidemia in boys. The association between pregnancy
tHcy and child zFMI was not mediated by birth weight.
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