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INTRODUCTION: Intrauterine conditions and accelerating early growth are associated with childhood obesity. It is unknown,
whether fetal programming affects the early growth and could alterations in the maternal-fetal metabolome be the mediating
mechanism. Therefore, we aimed to assess the associations between maternal and cord blood metabolite profile and offspring early
growth.

METHODS: The RADIEL study recruited 724 women at high risk for gestational diabetes mellitus (GDM) BMI = 30 kg/m? and/or prior
GDM) before or in early pregnancy. Blood samples were collected once in each trimester, and from cord. Metabolomics were
analyzed by targeted nuclear magnetic resonance (NMR) technique. Following up on offsprings’ first 2 years growth, we discovered
3 distinct growth profiles (ascending n = 80, intermediate n = 346, and descending n = 146) by using latent class mixed models
(lcmm).

RESULTS: From the cohort of mother-child dyads with available growth profile data (n = 572), we have metabolomic data from 232
mothers from 1st trimester, 271 from 2nd trimester, 277 from 3rd trimester and 345 from cord blood. We have data on 220
metabolites in each trimester and 70 from cord blood. In each trimester of pregnancy, the mothers of the ascending group showed
higher levels of VLDL and LDL particles, and lower levels of HDL particles (p < 0.05). When adjusted for gestational age, birth weight,
sex, delivery mode, and maternal smoking, there was an association with ascending profile and 2nd trimester total cholesterol in
HDL2, 3rd trimester total cholesterol in HDL2 and in HDL, VLDL size and ratio of triglycerides to phosphoglycerides (TG/PG ratio) in
cord blood (p < 0.002).

CONCLUSION: Ascending early growth was associated with lower maternal total cholesterol in HDL in 2nd and 3rd trimester, and
higher VLDL size and more adverse TG/PG ratio in cord blood.

CLINICAL TRIAL REGISTRATION: ClinicalTrials.gov, http://www:.clinicaltrials.com, NCT01698385.
International Journal of Obesity; https://doi.org/10.1038/541366-023-01361-x

INTRODUCTION
Childhood obesity is a major public health challenge [1] affecting
countries all around the world. It is estimated that about half of
school-age children who have obesity will continue to have obesity
as adults [2]. Obesity can profoundly affect both physical and mental
health of these children - it is associated with poor social and
emotional well-being, lower self-esteem, poor academic perfor-
mance, and a lower quality of life [3-5]. Despite extensive research,
there is neither easy nor efficient treatment at hand [6]. The focus
should therefore be on preventive measures, and thus increasing our
knowledge of early mechanisms preceding childhood obesity could
act as a cornerstone for developing new strategies.

Growth is a dynamic process depicting individual potential and
health. Recent studies on early programming of childhood obesity

[7] have shown that maternal factors, e.g., high maternal BMI and
gestational diabetes (GDM) are strongly associated with excess
fetal growth, adiposity, and increased risk of cardiometabolic
morbidity and insulin resistance [8-11]. In addition to fetal growth
and birth weight, also early growth trajectories seem to be
relevant [12, 13]. In the RADIEL study, ascending early growth was
associated with childhood adiposity, independent of the child’s
own lifestyle and confounding maternal factors [14]. Highlighting
the role of intrauterine conditions, also early growth has been
associated with maternal obesity and other pregnancy-related
factors. [15, 16]. The mechanisms underlying these associations,
however, are not well understood.

Although evidence linking intrauterine conditions to later
offspring health is already abundant, quite little is known about
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the influence of maternal metabolomics on future health of the
offspring [17]. A few studies focusing on associations between the
2nd trimester or cord blood metabolomics and early childhood
overweight/obesity risk have found associations with xenobiotics,
lipids, methyl donors, and metabolites related to tryptophan
[18, 19]. Interestingly, Zhao et al. [18] found associations between
maternal metabolomics in 2nd trimester and adverse early growth
trajectories, while Cao et al. discovered a link between cord blood
metabolomics and persistent obesity into adolescence [20]. To our
knowledge, there are, however, no studies assessing maternal
longitudinal metabolite profiling during pregnancy and their
possible underpinning role in early growth trajectories leading to
childhood obesity.

Therefore, the aim of this study was to assess whether the
metabolite profile either during pregnancy or in cord blood could
be one possible link between intrauterine conditions and early
growth. We investigated whether maternal metabolomics in three
time points during pregnancy and fetal metabolomics in cord
blood associate with longitudinal early growth trajectories of
offspring. Our special focus was on the ascending early growth,
which has been previously associated with childhood adiposity.

METHODS

Study design

This is a secondary analysis of the RADIEL study, a multi-center,
randomized controlled intervention trial aiming at prevention of GDM
through lifestyle modification. The study enrolled a total of 724 women at
high diabetes risk, in the Helsinki Metropolitan area or in Lappeenranta,
Finland, during years 2008 to 2011. The recruited women had a history of
GDM and/or obesity (BMI > 30 kg/m?). Exclusion criteria were age < 18
years, current type 1 or 2 diabetes, medication-altering glucose
metabolism, multiple pregnancy, severe psychiatric problems, physical
disabilities, substantial communication difficulties, and current substance
abuse. The participants were randomized to a control group or to a
combined lifestyle intervention group, emphasizing dietary goals following
Finnish nutrition guidelines, physical activity (150 min/week), and limiting
gestational weight gain. During pregnancy, the study visits took place once
in each trimester and 6 weeks, 6 and 12 months after delivery. Previous
publications have provided detailed information on the study design and
methods [21-23].

The study complies with the Declaration of Helsinki and was approved
by the Ethical Boards of Helsinki University Hospital (HUS) and South-
Karelia Central Hospital (SKCH). All the participants entered the study
voluntarily and gave written informed consent. They were also free to
discontinue at any point.

Measurements

Pregnancy. Every study visit included anthropometric measurements
(height, weight, and blood pressure) and blood samples for analyzing
markers of glucose and lipid metabolism as well as inflammatory markers.
A 2-hour 759 oral glucose tolerance test (OGTT) was performed at
enrollment (if before pregnancy), in the first and second trimesters of
pregnancy, and 6 weeks and 12 months postpartum. GDM diagnosis was
based on one or more pathological values in the OGTT (normative values:
0h<53mmol/l, 1Th<10.0mol/l, and 2h <86 mmol/l). Prepregnancy
weight was self-reported for those recruited in early pregnancy and the
weight at the last visit before pregnancy for those recruited before
pregnancy. Gestational weight gain (GWG) was defined as the difference
between prepregnancy weight and weight at the third-trimester
study visit.

Questionnaires provided data on maternal years of education and
lifestyle such as substance use (smoking, alcohol) and moderate-intensity
physical activity (PA) (min/week). Food frequency questionnaires (FFQs)
offered information for calculating a Healthy Food Intake Index (HFII),
which served as a description of maternal diet as a whole [24]. Maximum
score was 18 and fulfilling nutritional goals contributed points as follows:
fast food (0-1 points), bread fat spread (0-2 points), low-fat cheese (0-1
points), intake of high-energy/low-nutrient snacks (0-2 points), sugar-
sweetened beverages (0-1 points), high-fiber grains (0-2 points), low-fat
milk (0-2 points), fish (0-2 points), red and processed meat (0-2 points),
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vegetables (0-2 points), and fruits and berries (0-1 points). A higher score
indicated a healthier diet.

Offspring. The data from birth such as date of delivery, gestational weeks
at delivery, delivery mode and placental weight were obtained from the
hospital birth records. They also provided data on newborn characteristics
at birth (weight, length, head circumference, and Apgar points). Cord
blood samples from umbilical vein were collected at delivery for
metabolomics analyses.

Communal childcare clinic registries from first 2 years of life provided
additional data including growth (weight, height) and information on early
feeding: total duration of breast feeding and exclusive breastfeeding, and
the age at introduction of solid foods.

Our previous study used latent class mixed modelling and identified
three distinct growth profiles (ascending n = 80, intermediate n = 346, and
descending n=146) based on the development of ponderal index (PI)
during the first two years of life [12].

Metabolite Profiling

Metabolite analysis was performed using high-throughput proton NMR
metabolomics platform process (Nightingale Health Plc, Helsinki, Finland)
from fasting plasma samples, which were separated immediately and
stored at —80°C. Only the metabolites detected in >70% of the
participants were included in the analyses. Thus, 220 metabolites in each
trimester and 70 metabolites from cord blood were included in this study.
These metabolites cover multiple metabolic pathways, including lipopro-
tein lipids and subclasses, apolipoproteins, fatty and amino acids, ketone
bodies, glycolysis and gluconeogenesis-related metabolites, fluid balance,
and inflammation. Details of the experimentation and applications of the
NMR metabolomics platform have been described previously [25, 26]. In
brief, 260 pL of serum were carefully mixed with sodium phosphate buffer
(260 pL) and moved to NMR tubes. PerkinElmer JANUS Automated
Workstation equipped with an 8-tip dispense arm with Varispan was used
to handle all the liquid serum samples. Nightingale Health laboratory setup
is a combination of Bruker AVANCE Il 500 MHz (a selective inverse room
temperature probe head) and Bruker AVANCE Il HD 600 MHz spectro-
meters (a cryogenically cooled triple resonance probe head; CryoProbe
Prodigy TCl), both with the SampleJet robotic sample changer. Lipoprotein
and low-molecular-weight metabolites data was automatically collected
either with the 500 MHz or the 600 MHz spectrometer using a standard
parameter set. The lipoprotein extraction procedure was done manually
with Integra Biosciences VIAFLO 96 channel electronic pipette. Then lipid
extracts were moved into the NMR tubes and data was collected using
600 MHz instrument with standard parameter set. NMR spectra was Fourier
transformed and underwent numerous automated spectral processing
steps and quality checks. The NMR platform has been used in large-scale
epidemiological samples and in samples of pregnant and non-pregnant
women [27]. The cord blood metabolomics platform became available
in 2019.

Statistical analysis

The data are presented as means with standard deviations (SD), medians
with interquartile range (IQR), or as frequencies with percentages. The
Shapiro-Wilk test was used to examine normal distribution of the variables.
The Fisher's test, Mann-Whitney U test, Kruskal-Wallis test, Chi-square test,
ANOVA, or the independent samples T-test were used for between-group
comparisons, as appropriate. We excluded from the analysis extreme
outliers (deviating 1.5 times IQR from Q1 and Q3). Metabolites were log-
transformed to achieve normal distribution. Principal component analysis
(PCA) was used to assess the overall variability in the metabolomic data
and 25 PCs explained 95% of the variance in the dataset. After correcting
for multiple testing, associations with p < 0.002 (0.05/25 to account for 25
PCs) were considered significant.

Logistic regression analysis was used to assess associations between
metabolites levels (maternal and cord blood) and growth trajectories. The
analyses were adjusted for gestational age, birth weight SD (standardized
for gestational age), gender, delivery mode, and maternal smoking. Mixed
model was used for studying the longitudinal associations between
metabolomics throughout pregnancy and early growth, and these analyses
were also adjusted for gestational age, birth weight SD, gender, delivery
mode, and maternal smoking. All analyses were performed with the SPSS
24.0 software program (SPSS Inc., Chicago, IL, USA) and figures produced
with R studio 2022.07.1.
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RESULTS
From the cohort of mother-child dyads with available growth
profile data (n=572), we have metabolomics data from 232
mothers from the 1st trimester, 271 from the 2nd trimester, 277
from the 3rd trimester and 345 from cord blood (Fig. 1). Mean BMI
of the mothers was 31.5kg/m? and altogether 270 out of 558
(47%) had GDM. Table 1 presents the characteristics of the
participants and their children according to the growth trajectory.
There were statistically significant differences between the groups
in maternal pre-pregnancy BMI, smoking during pregnancy, early
GDM, gestational age at delivery, and offspring size at birth
(Table 1). There were no differences between the groups in
maternal lifestyle during pregnancy or in gestational weight gain.
When comparing the mean levels of the metabolites in three
different growth trajectories (ascending n = 80, intermediate n = 346,

Mother-child dyads
with growth profile
data
n=572
1st trimester
metabolomics Study visit
n=232 n=585
2nd trimester
Study visit metabolomics
n= 542 n =271
3rd trimester
metabolomics Study visit
n =277 n= 534
Cord blood
Birth data metabolomics
n=570 n =345

Fig. 1 Flow chart of the study. Number of metabolomics data and
study visits in each trimester. Number of birth data and cord blood
metabolomics data.
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and descending n = 146), we discovered that in each trimester of
pregnancy, there were differences between the groups in very low-
density lipoprotein (VLDL) and low-density lipoprotein (LDL) particles,
as well as in high-density lipoprotein (HDL) particles (p < 0.05) (Fig. 2).
In cord blood, on the other hand, there were differences in the mean
VLDL size and levels of lactate. The supplementary tables [1-4]
provide the mean levels of the metabolites with most significant
differences (p < 0.05) between the groups.

Longitudinal assessment of distinct metabolites throughout the
pregnancy also yielded significant differences in HDL2 and in very
large HDL between the growth profiles (Fig. 3). We also assessed
the AUC of each metabolite, but there were no significant
associations with growth profiles and neither did the change in
the metabolites between specific trimesters during pregnancy
reach any statistical significance.

In the logistic regression analysis, ascending growth profile was
associated with several metabolites (Fig. 4). None of the
metabolites in the 1st trimester showed statistically significant
associations with growth profiles, but in the later half of the
pregnancy, e.g. lower levels of several HDL particles and
ApoAlwere associated with adverse growth (p < 0.005). In the
cord blood, on the other hand, higher levels of VLDL particles and
triglycerides were associated with the ascending growth profile.
Specifically, after correction for multiple testing, there were
associations with the 2nd trimester lower total cholesterol in
HDL2, 3rd trimester lower total cholesterol in HDL2 and in HDL, as
well as larger VLDL size and higher ratio of triglycerides to
phosphoglycerides (TG/PG ratio) in cord blood (p < 0.002) (Fig. 4).

DISCUSSION

This study demonstrates an association between lipoprotein
profiles during pregnancy and in cord blood with early growth
of the offspring. We show that ascending growth, which was
associated with later childhood adiposity in our previous study,
was associated with lipoprotein composition — lower cholesterol in
HDL and HDL2 in mid and late pregnancy, as well as higher VLDL
size and triglycerides to phosphoglycerides ratio in cord blood.

Table 1. Characteristics of the participants and their children according to the growth trajectory.

Variable Ascending group Intermediate group Descending group P value
Mother

Age in Tst trimester, years 31 (4.6) 32 (4.6) 32 (4.3) 0.289
Prepregnancy BMI, kg/m2 32.8 (5.8) 31.3 (5.9) 30.5 (5.5) 0.030
GWG, kg 9.2 (5.9) 8.3 (5.7) 8.7 (6.0) 0.561
Years of education, years 15 (12, 15) 15 (12, 17) 15 (12, 17) 0.253
PA in 1st trimester, min/week 60 (30, 100) 60 (30, 140) 60 (30, 160) 0.496
PA in 2nd trimester, min/week 60 (30, 140) 60 (30, 120) 70 (45, 120) 0.618
PA in 3rd trimester, min/week 30 (0, 90) 60 (0, 120) 38 (0, 104) 0.466
HFIl in 1st trimester, points 10 (7, 12) 10 (8, 12) 10 (9, 12) 0.480
HFIl in 2nd trimester, points 10 (8, 12) 11 (8, 12) 11 (9, 13) 0.175
HFIl in 3rd trimester, points 10(8, 12) 11 (8, 13) 11 (9, 12) 0.103
GDM, n 23 (34.8) 121 (46.2) 56 (47.5) 0.204
Cesarean section, n 22 (33.3) 54 (20.3) 23 (19.5) 0.054
Smoking in pregnancy, n 7 (12.5) 11 (4.6) 3 (2.8) 0.025
Child

Gestational age at birth, weeks 39.2 (2.5) 40.0 (1.3) 40.1 (1.4) 0.001
Birth weight, g 3407 (661) 3682 (472) 3840 (488) < 0.001
Birth weight SD —0.09 (1.08) 0.23 (0.94) 0.55 (0.94) < 0.001
Birth length SD 0.07 (1.16) 0.10 (0.99) 0.20 (0.95) 0.620
Sex (girls), n 36 (54.5) 124 (46.6) 55 (46.6) 0.492
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Our results suggest that the association between offspring’s
growth and maternal lipoprotein profile during pregnancy is
dependent on the stage of pregnancy.

Metabolite profile changes during pregnancy [28]. In a normal
pregnancy, there is an increase for example in lipid, lipoprotein, and
apolipoprotein levels and it is estimated that total cholesterol levels
increase by 43%, LDL by 36%, HDL by 25%, and TG by 2.7-fold [29].
NMR-based metabolomics analyses have revealed changes in certain
amino acids and fatty acids compared to non-pregnant women [30].
In pregnancies complicated with maternal obesity or GDM, there are
more adverse metabolite measures and women with obesity seem to
start their pregnancy already in a more deranged state, having less
room for change throughout pregnancy [28, 31-33]. Recent reports
from Zhao et al. and Cao et al. concerning maternal 2nd trimester
and cord blood metabolomics and offspring early growth suggested
that the use of metabolite profiles might be clinically important in
predicting later overweight or obesity of offspring [18, 20]. These
prior results were promising, but unfortunately metabolomics were
measured only at one time point. According to our results, especially
the lipid profile in the 2nd and 3rd trimester was associated with
offspring growth. Interestingly Gademan et al. also found that
maternal lipid profile based on standard enzymatic and turbidimetric
technique in early pregnancy has been connected to offspring
adiposity at 5-6 years of age, independent of pre-pregnancy
maternal BMI [34]. Overall, the association between offspring’s
growth and maternal metabolomics during pregnancy seems to be
dependent on the stage of pregnancy.

Previous studies have suggested that higher VLDL and lower HDL
are tied closely to obesity [35] and our results are well in line,
demonstrating an association between levels of several HDL and
VLDL subclasses in the second and third trimesters of pregnancy
with offspring’s’ growth trajectories. HDL mainly consists of
glycerophospholipids, cholesteryl esters (ChoE), sphingomyelins,
and triacylglycerols, but the role of different particle ratios in HDL
are not yet fully understood [36]. HDL removes excess cholesterol
from tissues and has for that reason been traditionally linked to lower
risk of cardiovascular disease. Especially higher HDL subfraction type2
(HDL2) levels are associated with lower risk of myocardial infarction
[37]. More recent studies have, however, shown, that there are also
many other functions in HDL as inhibiting inflammation, reducing
oxidative stress, maintaining immune and cardiovascular health [38].
Suleiman et al. pointed also that HDL has an important role in
pregnancy adaptation [39]. Altered HDL metabolism and low HDL2
levels have been reported in hypertensive mothers and this has
associated with being small-for-gestational age (SGA) in newborns,
probably due to excessive inflammation and oxidative stress [38, 40].
SGA could lead to adverse health outcomes after birth if rapid catch-
up growth follows [41].

We also discovered a difference in the levels of ApoA1 between
the growth trajectories. ApoA1 is an integral part and the major
structural protein of HDL, mediating the many of antiatherogenic
functions of HDL [38]. When assessing the longitudinal measures of
metabolites during pregnancy, our results demonstrated an associa-
tion between HDL2 and very large HDL and the adverse growth
profile. Our results can be considered in line with prior results as also
in our study HDL and VLDL were associated with the adverse growth
profile associated with childhood obesity, suggesting that metabolite
profile during pregnancy is a continuum.

Fatty acids are essential for fetal growth [42]. In our study
pregnancies leading to adverse offspring growth showed lower
mean levels of several unsaturated fatty acids in the 3rd trimester.
Fatty acids are strongly correlated with dietary intake and
interestingly we have previously shown that maternal dietary
n-3 PUFA intake during pregnancy was associated with offspring
adiposity at 5 years of age [43]. This has been investigated also in
a RCT, where omega-3 supplementation for women with obesity
improved fetal growth in lean mass and longer gestation [44].
Outside pregnancy Omega-3 PUFA supplementation was

SPRINGER NATURE
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associated with increase in large HDL2 and a decrease in small
HDL3 [45]. In our study, maternal physical activity and diet did not
differ between the distinct growth profile groups, but the gross
measurement methods could naturally offer a possible
explanation.

However, there are also other mechanisms in addition to fetal
growth which could be mediating the association between
maternal lipoprotein profile and childhood growth. These
metabolites have a capacity to influence epigenetic mechanisms
and also the maturation of adipocytes of the offspring. Interest-
ingly, elevated ApoAl has even been connected to offspring
eating behavior such as slowness of eating and lower enjoyment
of food, as well as lower energy, fat and carbohydrate intake at the
age of 5 years [46]. This could provide an explanation for the lower
levels of ApoA1 associating with ascending growth in this study
and also match our earlier results concerning the association
between ascending growth and later childhood adiposity.

The major strength and novelty of our study is combining
longitudinal analysis of maternal metabolomics at all three trimesters
during pregnancy as well as in cord blood to offspring’s growth
measured at several time points during the first two years of life. Our
study population consists of a large cohort of well-characterized
pregnancies. We have measured metabolomics in three different
stages during pregnancy as well as from cord blood and this enables
us to focus on distinct time-points and their importance for offspring
health, considering the constantly changing metabolomics during
pregnancy. We also have maternal anthropometrics and lifestyle
recorded at each trimester of pregnancy. From the offspring, we
have accurate and repeated measurements performed by profes-
sional healthcare workers until the age of 2 years, which enabled us
to do longitudinal growth trajectory analysis.

Our study is, however, not without limitations. The fact that the
study population consisted of only high-risk pregnancies and all
Caucasian origin, limits naturally the generalizability of our results. In
this study, we also relied on rather general dietary data, a HFIl
calculated from a simple FFQ, and naturally taking advantage of e.g.,
3-day food diaries would have given a more detailed view of the
macronutrient intake. Nevertheless, we believe that this detailed
analysis of lifestyle factors would be out of the scope of this article.
We also performed a targeted metabolomics analysis and therefore
have only a limited number of metabolites and even less from the
cord blood. The panel used is also very lipid centric. When
considering growth, however, lipids have been proven very crucial
and therefore this specific panel seems justified. Unfortunately, the
study protocol did not include measurements of newborn body
composition which would have been an interesting addition to our
analyses. We found a statistically significant difference between the
groups in maternal smoking, which is also a known risk factor for
childhood obesity [47] Smoking may also affect lipoprotein levels by
increasing total cholesterol, VLDL, LDL and TG, as well as by lowering
HDL and ApoA1 [48] and this might have impacted our results.

Maternal obesity and GDM are strongly associated with
childhood obesity, but despite many studies the underlying
mechanism remains still unclear [11, 49]. In our study, all the
participants were high-risk women with either GDM history or
obesity, but our focus was on the metabolic milieu during
pregnancy, independent of the underlying factors such as GWG,
GDM, and/or adiposity. Future studies are of course needed to
further assess the association between modifiable antenatal
factors and maternal metabolite profile during pregnancy.

The origin of childhood obesity is multifactorial, including both
antenatal [50] and postnatal conditions [51] as well as genetics
[52]. Our results show that intrauterine conditions are important,
and we might have an opportunity for prevention of childhood
obesity as early as in the fetal period. In the optimal situation, the
maternal metabolomics during pregnancy could help us to
identify children needing intensified follow-up and possible
support for the whole family. Future research should focus on

SPRINGER NATURE

the possibilities to influence the maternal metabolomics during
pregnancy by specific diet or lifestyle and its possible influence on
the future health of the offspring. Optimally, an intervention
starting early in pregnancy would still have a window of
opportunity to influence offspring growth and future health.

DATA AVAILABILITY

Present informed consents do not allow archiving clinical or register data in open
repositories. Data described in the manuscript, code book, and analytic code will be
made available upon reasonable request and requests are subject to further review
by the national register authority and by the ethical committees.

REFERENCES

1. World Health Organization. Taking action on childhood obesity. World Health
Organization. (2018). https://apps.who.int/iris/handle/10665/274792.

2. Serdula MK, Ivery D, Coates RJ, Freedman DS, Williamson DF, Byers T. Do obese
children become obese adults? A review of the literature. Prev Med.
1993;22:167-77.

3. Strauss RS. Childhood obesity and self-esteem. Pediatrics. 2000;105:e15-¢.

4. Russell-Mayhew S, McVey G, Bardick A, Ireland A. Mental health, wellness, and
childhood overweight/obesity. J Obesity. 2012;2012:281801.

5. Datar A, Sturm R, Magnabosco JL. Childhood overweight and academic performance:
national study of kindergartners and first-graders. Obes Res. 2004;12:58-68.

6. Lagerros YT, Rossner S. Obesity management: what brings success? Therap Adv
Gastroenterol. 2013;6:77-88.

7. Monni G, Atzori L, Corda V, Dessolis F, luculano A, Hurt KJ, et al. Metabolomics in
prenatal medicine: a review. Front Med. 2021;8:645118.

8. Boney CM, Verma A, Tucker R, Vohr BR. Metabolic syndrome in childhood:
association with birth weight, maternal obesity, and gestational diabetes mellitus.
Pediatrics. 2005;115:290-6.

9. Yu Z, Han S, Zhu J, Sun X, Ji C, Guo X. Pre-pregnancy body mass index in relation
to infant birth weight and offspring overweight/obesity: a systematic review and
meta-analysis. PLoS One. 2013;8:e61627.

10. Catalano PM, Presley L, Minium J, Hauguel-de Mouzon S. Fetuses of obese
mothers develop insulin resistance in utero. Diab Care. 2009;32:1076-80.

11. Wang J, Wang L, Liu H, Zhang S, Leng J, Li W, et al. Maternal gestational diabetes
and different indicators of childhood obesity: a large study. Endocr Connect.
2018;7:1464-71.

12. Huvinen E, Tuomaala AK, Bergman PH, Meinila J, Tammelin T, Kulmala J, et al.
Ascending growth is associated with offspring adiposity in pregnancies compli-
cated with obesity or gestational diabetes. J Clin Endocrinol Metab.
2021;106:1993-e2004.

13. Wibaek R, Vistisen D, Girma T, Admassu B, Abera M, Abdissa A, et al. Body mass
index trajectories in early childhood in relation to cardiometabolic risk profile and
body composition at 5 years of age. Am J Clin Nutr. 2019;110:1175-85.

14. Huvinen E, Tuomaala AK, Bergman PH, Meinild J, Tammelin T, Kulmala J, et al.
Ascending growth is associated with offspring adiposity in pregnancies complicated
with obesity or gestational diabetes. J Clin Endocrinol Metab. 2021;106:21993-e2004.

15. Entringer S, Buss C, Swanson JM, Cooper DM, Wing DA, Waffarn F, et al. Fetal
programming of body composition, obesity, and metabolic function: the role of
intrauterine stress and stress biology. J Nutr Metab. 2012;2012:632548.

16. Giles LC, Whitrow MJ, Davies MJ, Davies CE, Rumbold AR, Moore VM. Growth
trajectories in early childhood, their relationship with antenatal and postnatal
factors, and development of obesity by age 9 years: results from an Australian
birth cohort study. Int J Obes (Lond). 2015;39:1049-56.

17. Bowman CE, Arany Z, Wolfgang MJ. Regulation of maternal-fetal metabolic
communication. Cell Mol Life Sci. 2021;78:1455-86.

18. Zhao Q, Hu Z, Kocak M, Liu J, Fowke JH, Han JC, et al. Associations of prenatal
metabolomics profiles with early childhood growth trajectories and obesity risk
in African Americans: the CANDLE study. Int J Obes (Lond). 2021;45:1439-47.

19. Isganaitis E, Rifas-Shiman SL, Oken E, Dreyfuss JM, Gall W, Gillman MW, et al.
Associations of cord blood metabolites with early childhood obesity risk. Int J
Obes (Lond). 2015;39:1041-8.

20. Cao T, Zhao J, Hong X, Wang G, Hu FB, Wang X, et al. Cord blood metabolome
and BMI trajectory from birth to adolescence: a prospective birth cohort study on
early life biomarkers of persistent obesity. Metabolites. 2021;11:739.

21. Rono K, Stach-Lempinen B, Klemetti MM, Kaaja RJ, Poyhonen-Alho M, Eriksson JG,
et al. Prevention of gestational diabetes through lifestyle intervention: study
design and methods of a Finnish randomized controlled multicenter trial
(RADIEL). BMC Pregn Childbirth. 2014;14:70.

22. Koivusalo SB, Rono K, Klemetti MM, Roine RP, Lindstrom J, Erkkola M, et al.
Gestational diabetes mellitus can be prevented by lifestyle intervention: the

International Journal of Obesity


https://apps.who.int/iris/handle/10665/274792

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

finnish gestational diabetes prevention study (RADIEL) a randomized controlled
trial. Diab Care. 2016;39:24-30.

Huvinen E, Eriksson JG, Koivusalo SB, Grotenfelt N, Tiitinen A, Stach-Lempinen B,
et al. Heterogeneity of gestational diabetes (GDM) and long-term risk of diabetes
and metabolic syndrome: findings from the RADIEL study follow-up. Acta Dia-
betologica. 2018;55:493-501.

Meinila J, Valkama A, Koivusalo SB, Stach-Lempinen B, Lindstrom J, Kautiainen H,
et al. Healthy Food Intake Index (HFIl) - Validity and reproducibility in a
gestational-diabetes-risk population. BMC Public Health. 2016;16:680.

Soininen P, Kangas AJ, Wirtz P, Suna T, Ala-Korpela M. Quantitative serum
nuclear magnetic resonance metabolomics in cardiovascular epidemiology and
genetics. Circ Cardiovasc Genet. 2015;8:192-206.

Wiirtz P, Kangas AJ, Soininen P, Lawlor DA, Davey Smith G, Ala-Korpela M. Quanti-
tative serum nuclear magnetic resonance metabolomics in large-scale epidemiology:
a primer on -omic technologies. Am J Epidemiol. 2017;186:1084-96.

Taylor K, Ferreira DLS, West J, Yang T, Caputo M, Lawlor DA. Differences in pregnancy
metabolic profiles and their determinants between white european and south asian
women: findings from the born in bradford cohort. Metabolites. 2019;9:190.

Kivela J, Sormunen-Harju H, Girchenko PV, Huvinen E, Stach-Lempinen B, Kajantie E,
et al. Longitudinal metabolic profiling of maternal obesity, gestational diabetes and
hypertensive pregnancy disorders. J Clin Endocrinol Metab. 2021;106:e4372-88.
Piechota W, Staszewski A. Reference ranges of lipids and apolipoproteins in
pregnancy. Eur J Obstet Gynecol Reprod Biol. 1992;45:27-35.

Wang Q, Wiirtz P, Auro K, Mdkinen VP, Kangas AJ, Soininen P, et al. Metabolic
profiling of pregnancy: cross-sectional and longitudinal evidence. BMC Med.
2016;14:205.

Huynh J, Xiong G, Bentley-Lewis R. A systematic review of metabolite profiling in
gestational diabetes mellitus. Diabetologia. 2014;57:2453-64.

Chen Q, Francis E, Hu G, Chen L. Metabolomic profiling of women with gesta-
tional diabetes mellitus and their offspring: Review of metabolomics studies. J
Diabetes Complications. 2018;32:512-23.

Hu J, Gillies CL, Lin S, Stewart ZA, Melford SE, Abrams KR, et al. Association of
maternal lipid profile and gestational diabetes mellitus: A systematic review and
meta-analysis of 292 studies and 97,880 women. EClinicalMedicine. 2021;34:100830.
Gademan MG, Vermeulen M, Oostvogels AJ, Roseboom TJ, Visscher TL, van
Eijsden M, et al. Maternal prepregancy BMI and lipid profile during early preg-
nancy are independently associated with offspring’s body composition at age 5-6
years: the ABCD study. PLoS One. 2014;9:e94594.

Klop B, Elte JW, Cabezas MC. Dyslipidemia in obesity: mechanisms and potential
targets. Nutrients. 2013;5:1218-40.

Yetukuri L, Séderlund S, Koivuniemi A, Seppédnen-Laakso T, Niemela PS, Hyvénen
M, et al. Composition and lipid spatial distribution of HDL particles in subjects
with low and high HDL-cholesterol. J Lipid Res. 2010;51:2341-51.

Salonen JT, Salonen R, Seppénen K, Rauramaa R, Tuomilehto JHDL. HDL2, and
HDL3 subfractions, and the risk of acute myocardial infarction. A prospective
population study in eastern Finnish men. Circulation. 1991;84:129-39.

Woollett LA, Catov JM, Jones HN. Roles of maternal HDL during pregnancy.
Biochim Biophys Acta Mol Cell Biol Lipids. 2022;1867:159106.

Sulaiman WN, Caslake MJ, Delles C, Karlsson H, Mulder MT, Graham D, et al. Does
high-density lipoprotein protect vascular function in healthy pregnancy? Clin Sci
(Lond). 2016;130:491-7.

Loukidi-Bouchenak B, Lamri-Senhadji MY, Merzouk S, Merzouk H, Belarbi B, Prost
J, et al. Serum lecithin: cholesterol acyltransferase activity, HDL2 and HDL3
composition in hypertensive mothers and their small for gestational age new-
borns. Eur J Pediatr. 2008;167:525-32.

Ibanez L, Suarez L, Lopez-Bermejo A, Diaz M, Valls C, de Zegher F. Early devel-
opment of visceral fat excess after spontaneous catch-up growth in children with
low birth weight. J Clin Endocrinol Metabol. 2008;93:925-8.

Mauro AK, Rengarajan A, Albright C, Boeldt DS. Fatty acids in normal and
pathological pregnancies. Mol Cell Endocrinol. 2022;539:111466.

Meinild J, Klemetti MM, Huvinen E, Engberg E, Andersson S, Stach-Lempinen B,
et al. Macronutrient intake during pregnancy in women with a history of obesity
or gestational diabetes and offspring adiposity at 5 years of age. Int J Obes
(Lond). 2021;45:1030-43.

Monthé-Dreze C, Sen S, Hauguel-de Mouzon S, Catalano PM. Effect of Omega-3
supplementation in pregnant women with obesity on newborn body composi-
tion, growth and length of gestation: a randomized controlled pilot study.
Nutrients. 2021;13:578.

Burillo E, Martin-Fuentes P, Mateo-Gallego R, Baila-Rueda L, Cenarro A, Ros E, et al.
Omega-3 fatty acids and HDL. How do they work in the prevention of cardio-
vascular disease? Curr Vasc Pharmacol. 2012;10:432-41.

Dieberger AM, de Rooij SR, Korosi A, Vrijkotte TGM. Maternal lipid concentrations
during early pregnancy and eating behaviour and energy intake in the offspring.
Nutrients. 2018;10:1026.

International Journal of Obesity

E. Blanco Sequeiros et al.

47. Magriplis E, Farajian P, Panagiotakos DB, Risvas G, Zampelas A. Maternal smoking
and risk of obesity in school children: Investigating early life theory from the
GRECO study. Prev Med Rep. 2017;8:177-82.

48. Craig WY, Palomaki GE, Haddow JE. Cigarette smoking and serum lipid and
lipoprotein concentrations: an analysis of published data. British medical journal.
1989;298:784-8.

49. Gaillard R, Felix JF, Duijts L, Jaddoe VW. Childhood consequences of maternal
obesity and excessive weight gain during pregnancy. Acta Obstet Gynecol Scand.
2014;93:1085-9.

50. Weng SF, Redsell SA, Swift JA, Yang M, Glazebrook CP. Systematic review and
meta-analyses of risk factors for childhood overweight identifiable during
infancy. Arch Dis Child. 2012;97:1019-26.

51. Vazquez CE, Cubbin C. Socioeconomic status and childhood obesity: a review of
literature from the past decade to inform intervention research. Current Obesity
Rep. 2020;9:562-70.

52. Elks CE, den Hoed M, Zhao JH, Sharp SJ, Wareham NJ, Loos RJ, et al. Variability in
the heritability of body mass index: a systematic review and meta-regression.
Front Endocrinol (Lausanne). 2012;3:29.

AUTHOR CONTRIBUTIONS

EB.S. participated in the design and implementation of the study, literature search, data
interpretation, and drafting and editing of the article. E.H. and S.B.K. initiated, participated
in the design of, and coordinated the study, participated in the analysis of the results,
and advised on drafting and editing the article. AKT. participated in the design of the
study, in the analysis of the results, in data interpretation, and in drafting and editing of
the article. RT. and P.B. participated in the design of the study, in the statistical analysis of
the data, in the analysis of the results, in data interpretation, and editing the article. All
authors have read and approved the final version of the manuscript. E.H. is the guarantor
of this work and, as such, had full access to all the data in the study and takes full
responsibility for the integrity of the data and the accuracy of the data analysis.

FUNDING
Open Access funding provided by University of Helsinki including Helsinki University
Central Hospital.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541366-023-01361-x.

Correspondence and requests for materials should be addressed to Elina Blanco
Sequeiros.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SPRINGER NATURE


https://doi.org/10.1038/s41366-023-01361-x
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Early ascending growth is associated with maternal lipoprotein profile during mid and late pregnancy and in cord blood
	Introduction
	Methods
	Study design
	Measurements
	Pregnancy
	Offspring

	Metabolite Profiling
	Statistical analysis

	Results
	Discussion
	References
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




