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Abstract
Aims  Offspring of mothers suffering from obesity and/or gestational diabetes mellitus (GDM) were reported to be at risk of 
higher birth weight (BW), later obesity and diabetes. We hypothesize that infant anthropometry changes related to maternal 
pathological status are due to dysregulated infant metabolism.
Methods  First, we inspected differences in BMI z-scores (z-BMI) between three infant groups: born to normal weight (NW; 
n = 49), overweight/obese (OV/OB; n = 40) and GDM mothers (n = 27) at birth and 1 year. Then, we inspected associations 
between cord blood metabolites and 1-year Δ z-BMI in the three infant groups at birth and 1 year.
Results  No statistically significant difference was detected in z-BMI between the study groups at birth; however, GDM was 
associated with heavier infants at 1 year. Regarding the associations between the metabolites and z-BMI, phospholipids, 
especially those containing polyunsaturated fatty acids, were the species most impacted by the maternal metabolic status, 
since numerous phosphatidylcholines–PUFA were positively associated with z-BMI in NW but negatively in OV/OB and 
GDM groups at birth. Conversely, the sum of lysophosphatidylcholines was only positively associated with z-BMI in NW 
at birth but of no relation in the other two groups. At 1 year, most of the associations seen at birth were reversed in NW 
and lost in OV/OB and GDM groups. In the NW group, PC-PUFA were found to be negatively associated with Δ z-BMI at 
1 year in addition to some medium-chain acylcarnitines, tricarboxylic acid metabolites, Asp and Asn-to-Asp ratio. In OV/
OB and GDM groups, the non-esterified fatty acid (NEFA26:0) and His correlated with Δ z-BMI at 1 year in negative and 
positive directions, respectively.
Conclusions  GDM was associated with overweight in offspring at 1 year, independent of the BW with lack of evidence on 
existing correlation of this finding with metabolic alterations detected in cord blood metabolome. Associations were found 
between cord blood metabolites and infant anthropometry at birth and were influenced by maternal OB and GDM. However, 
an extension of the findings monitored at birth among the three groups was not detected longitudinally showing a lack of 
predictive power of cord blood metabolome for later development at least 1 year.

Keywords  Gestational diabetes mellitus (GDM) · Obesity · Metabolomics · Cord blood · Infant anthropometry

Introduction

The increased prevalence of obesity (OB) and overweight 
(OW) worldwide, especially in industrialized countries, has 
become a recognized public health problem. In Europe, 
approximately 50% of the adults are OW and 16% are obese 
with a corresponding prevalence of about 20% among chil-
dren and adolescents depending on the countries and socio-
economic groups [1, 2].

There is currently growing evidence that childhood OB 
is influenced by many pre- and perinatal factors, includ-
ing maternal OB and gestational diabetes mellitus (GDM) 
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believed to set stage for pathophysiological alterations 
during foetal development, thus increasing risk of long-
term effects, which is termed as ‘metabolic programming’ 
[3–5]. GDM is hyperglycaemia first recognized during 
pregnancy which could attributed to pre-existing insulin 
resistance (IR) further manifested during pregnancy with 
the lack in insulin secretion or to a pancreatic β-cell defect 
similar to that in type-1 diabetes (T1D) [6]. Both maternal 
OB and GDM were repeatedly associated with short- and 
long-term adverse outcomes in offspring [7–9].

Previously, we have studied the impact of maternal 
phenotypes (OB/GDM) on maternal cord blood meta-
bolic profiles using data from the prospective observa-
tional PREOBE study to provide an insight into metabolic 
programming [10]. In an extension to our findings, our 
objective was to investigate how these maternal pheno-
types could modulate associations between the cord blood 
metabolome and infant anthropometry. To this end, we 
inspected whether associations between cord blood metab-
olites and offspring BMI WHO z-scores at birth and 1 year 
of age (1 year) are different in offspring of normal weight 
(NW), OW/OB and GDM mothers and underlined possible 
metabolic pathways behind these differences.

Methods

Participants and ethical approval

The present work was conducted using data obtained 
from a subpopulation within the PREOBE study 
(NCT01634464). Study details including subject inclu-
sion/exclusion criteria were described elsewhere [11].

Sample and data collection

Venous cord blood samples were obtained from 116 new-
borns within 5 min of delivery and prior to delivery of the 
placenta. Samples were collected in 5-mL EDTA-coated 
tubes and processed, and plasma aliquots were stored at 
− 80 °C until analysis. Information on maternal anthro-
pometry was collected at time of recruitment, and weight 
was measured additionally at 34 weeks of pregnancy. Ges-
tational weight gain (GWG) at 34 weeks and perinatal data 
including gestational age (GA) at birth, infant sex, mode of 
delivery (standard vaginal or caesarean section), BMI and 
waist circumference were collected from medical records. 
For the offspring anthropometry, weight and length were 
measured at birth and at 1 year of age; then, the corre-
sponding BMI and WHO z-scores were calculated.

Cord blood metabolomics

The analytical pipeline covered 400 metabolites including 
polar lipids (diacyl-phosphatidylcholines (PCaa), acyl-alkyl-
phosphatidylcholines (PCae), acylcarnitines (AC), sphin-
gomyelines (SM), acyl-lysophosphatidylcholines (LPCa), 
alkyl-lysophosphatidylcholines (LPCe)), sum of hexoses 
(H1), amino acids (AA), keto acids, non-esterified fatty 
acids (NEFA) and tricarboxylic acid (TCA) cycle metabo-
lites. The formula CX:Y was assigned for polar lipids and 
NEFA, where X, Y and OH indicate carbon chain length, 
number of double bonds and presence of hydroxyl group, 
respectively. Letters ‘a’ and ‘e’ indicate whether the acyl 
chain is bound via an ester or ether bond to the backbone, 
respectively. AA were coded by IUPAC abbreviations.

The analysis of the metabolite classes was performed as 
previously described [10]. The analytical process was pro-
cessed by Analyst 1.6.1 and R software. Concentrations were 
expressed in µmol/l.

Data analysis

Metabolomics quality control and preprocessing

Data were analysed using R statistical software. The qual-
ity control (QC) criteria allowed intra- and inter-batch coef-
ficient of variance (CV%) of 20% and 30%, respectively, 
with at most one outlying QC measurement (> 2 interquar-
tile range (IQR) from next QC). In samples, measurements 
lying at > 1.5 standard deviations (SD) from the next closest 
measurement were set to missing. Batch effect was corrected 
by dividing the metabolite concentrations by the intra-batch 
median-to-inter-batch median ratio.

Metabolites with > 20% missing values were excluded 
from the analysis. Sums and ratios were calculated: sum 
of LPC (∑LPC), LPCa/PCaa, Σ(LPCa16:0 + LPCa18:0)/
ΣPCaa due to the frequently reported associations of dif-
ferent LPC species with weight gain and OB [12], Asn/
Asp and Gln/Gly as markers for TCA cycle replenishment, 
NEFA16:1/16:0 and NEFA18:1/18:0 as markers for SCD-1 
activity, AC16:0/AC0 and AC2:0/AC16:0 as markers for 
carnitine palmitoyl transferase-1 activity (CPT-1) and FA 
beta-oxidation, respectively [13]. Concentrations were log-
transformed with base 2. Boxplots and quantile–quantile 
plots were used to identify outliers further away than 1 SD 
from the next measurement.

Population demographics

General characteristics of the study participants are sum-
marized in Table 1. Unlike the initial PREOBE study 
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design, for this analysis we grouped together the cat-
egories ‘OW’ and ‘OB’, thus resulting in 3 groups of 
infants born to NW (n = 49), OW/OB (n = 40) and GDM 

mothers regardless of their BMI (n = 27). Differences 
between covariates in the three groups were evaluated via 

Table 1   Baseline characteristics of the population included in the study

Values are expressed as median ± IQR, unless otherwise stated. ns Non-significant p-value
Statistically significant p-values are highlighted in bold

Parameters NW (n = 49) OW/OB (n = 40) GDM (n = 27) p value

Maternal nationality
Spanish 47 (95.9%) 39 (97.5%) 25 (92.6%) ns
Other 2 (4.1%) 1 (2.5%) 1 (3.70%)
Smoking during pregnancy
No 38 (84%) 32 (86%) 18 (90%) ns
Yes 7 (16%) 5 (14%) 2 (10%)
(missing) 4 3 7
Baby sex
Boy 22 (45%) 20 (50%) 16 (59%) ns
Girl 27 (55%) 20 (50%) 11 (41%)
Type of delivery
Vaginal 43 (88%) 24 (60%) 16 (59%) 0.003
Caesarean 6 (12%) 16 (40%) 11 (41%)
Breastfeeding
At 3 months 21 (54%) 14 (42%) 10 (48%) ns
Missing 10 7 6
Maternal age 31 ± 6.000 31.500 ± 4.500 35 ± 6.500 0.002
Pre-pregnancy BMI 21.872 ± 2.190 30.111 ± 5.341 26.644 ± 8.400 < 0.0001
Gestational weight gain (GWG) at 34 weeks 12.000 ± 3.900 8.100 ± 7.650 4.700 ± 10.550 < 0.0001
Gestational age at birth 39 ± 2.000 40 ± 2.000 39 ± 2.000 0.005
Maternal glucose at delivery 80 ± 25.500 [2] 87 ± 32.500 [5] 104.500 ± 38.250 [3] 0.045
Neonatal glucose at birth 73 ± 30.000 [20] 63 ± 29.000 [9] 77 ± 31.000 [10] ns
Neonatal BMI 13.000 ± 1.400 [8] 13.303 ± 1.692 [3] 13.329 ± 1.938 [2] ns
Neonatal BMI for age_WHO_percentile 39.000 ± 40.300 [8] 47.300 ± 48.400 [3] 47.000 ± 49.450 [3] ns
Neonatal BMI for age WHO_z-score − 0.210 ± 1.240 [8] − 0.070 ± 1.330 [3] − 0.060 ± 1.490 [2] ns
Neonatal conicity index 1.161 ± 0.091 [29] 1.202 ± 0.077 [15] 1.172 ± 0.050 [7] ns
Neonatal length for age WHO percentile 67.600 ± 37.200 [9] 72.200 ± 34.400 [3] 52.400 ± 54.100 [4] ns
Neonatal length for age WHO z-score 0.460 ± 1.070 [8] 0.590 ± 1.060 [3] 0.330 ± 1.460 [2] ns
Neonatal waist circumference 32.000 ± 3.000 [28] 34.000 ± 3.500 [15] 33.000 ± 3.200 [6] ns
Neonatal weight for age WHO percentile 42.500 ± 44.425 [3] 57.950 ± 45.000 69.400 ± 52.050 ns
Neonatal weight for age WHO z-score − 0.190 ± 1.178 [3] 0.200 ± 1.218 0.510 ± 1.505 ns
BMI at 1 year (1 year) 16.462 ± 1.426 [12] 16.529 ± 1.264 [9] 17.294 ± 1.919 [7] 0.027
1-Year BMI for age WHO percentile 46.600 ± 38.500 [12] 50.150 ± 38.175 [10] 71.550 ± 46.275 [7] 0.047
1-Year BMI for age WHO z-score − 0.090 ± 1.010 [12] 0.040 ± 1.135 [9] 0.575 ± 1.462 [7] 0.064
1-Year conicity index 1.114 ± 0.078 [12] 1.095 ± 0.051 [9] 1.128 ± 0.090 [7] ns
1-Year length for age WHO percentile 56.200 ± 50.100 [12] 55.800 ± 46.300 [11] 52.900 ± 44.450 [7] ns
1-Year length for age WHO z-score 0.160 ± 1.450 [12] 0.150 ± 1.405 [9] 0.070 ± 1.200 [7] ns
1-Year waist circumference 42.500 ± 4.200 [12] 42.500 ± 4.500 [9] 44.000 ± 4.250 [7] 0.063
1-Year weight for age WHO percentile 63.600 ± 42.200 [12] 61.000 ± 53.300 [9] 67.050 ± 24.225 [7] ns
1-Year weight for age WHO z-score 0.350 ± 1.140 [12] 0.280 ± 1.500 [9] 0.445 ± 0.665 [7] ns
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Kruskal–Wallis test or Fisher’s test for continuous or cat-
egorical covariates, respectively.

Associations between the cord blood metabolites 
and infant anthropometry

First, univariate linear regression models were calculated 
between birth anthropometric measures (WHO-standardized 
weight, length and BMI) and log2 metabolite concentrations 
in each group (NW, OW/OB and GDM). Additionally, sen-
sitivity analysis was performed by including the following 
covariates one at a time: maternal age, mode of delivery, 
GWG and GA at birth.

For the same measures at 1 year of age, multivariate 
regression models were used with change in the anthropom-
etry measure as outcome, log2 metabolite concentration and 
anthropometry at birth as linear predictors. Sensitivity analy-
sis was conducted as explained above, with the addition of 
breastfeeding information up to 1 year.

Associations were considered significant if p < 0.05; 
because of the exploratory nature of the study, we did not 
correct for multiple testing, but inspected the scatterplots 
and model diagnostics to avoid artefacts. Associations 
that were significant in at least one of the three groups and 
robust for at least three confounders were visually inspected 
in the groups for comparison. Moreover, differences in 
metabolite levels between the three groups were calculated 

(Supplementary Table S1) and visualized using boxplots 
(Supplementary Fig. S2).

Results

Baseline characteristics of mother–infant pairs in the current 
study are reported in Table 1. Statistically significant differ-
ences in maternal age, mode of delivery, GWG and GA at 
birth were observed between the study groups (p < 0.05). 
Regarding BMI, although there was no significant difference 
in BMI z-scores between the study groups at birth, a trend 
towards higher BMI, BMI WHO percentiles and z-scores 
(p < 0.1) was detected at 1 year. Boxplots were plotted and 
showed a clear tendency for higher BMI in the GDM infant 
group relative to the other two groups (Fig. 1). Pairwise 
differences were calculated using Mann–Whitney U-test 
showing statistically significant differences in BMI z-scores 
between the GDM versus NW group (p = 0.023) but not in 
OW/OB group.

Associations of the cord blood metabolome 
with z‑BMI at birth

In the NW group, a large number of phospholipids (PL) were 
positively correlated with z-BMI, including ∑LPCa, several 
single species, several PUFA-containing PL (PL-PUFA), 
plus PCae34:0, PCae40.5, SM39:1, SM42.6 and lactic acid 

Fig. 1   Boxplots showing differ-
ences in 1-year BMI z-scores 
between infants born to normal 
weight (NW), overweight/obese 
(OW/OB) and gestational diabe-
tes mellitus (GDM) mothers
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(Table 2). PCae42.2, SM44.6 and the ratio depicting CPT1 
activity showed positive correlations, yet not supported by 
the scatterplots’ inspection (Supplementary Table S3).

In the OW/OB group, fewer correlations were found, 
which were majorly negative (Table 2). These correlations 

comprised the PL-PUFA: PCaa30:4 and PCae44:5 as well 
as NEFA16:2 and NEFA20:5. Only PCae40:1 showed a 
positive correlation. Moreover, a pattern of negative cor-
relations with BMI was detected for some medium-chain 
AC (AC8:0, AC8:0-OH, AC10:0, AC12:1, AC14:1) and for 

Table 2   Significant results from 
the linear models for cord blood 
metabolites with BMI for age 
z-scores (z-BMI) at birth in 
infants born to normal weight 
(NW), overweight/obese (OW/
OB) and gestational diabetes 
mellitus (GDM) mother groups

LPCa acyl-lysophosphatidylcholines; PCaa diacyl-phosphatidylcholines; PCae acyl-alkyl-phosphatidyl-
cholines; SM sphingomyelins; LPCa acyl-lysophosphatidylcholines; NEFA non-esterified fatty acids

Analyte Group p-value (after 
FDR correction)

β Standard 
error (SE)

p-value Adjusted R2

Lactic acid NW 0.16 0.85 0.31 0.009 0.16
LPC16:0 NW 0.16 1.10 0.40 0.009 0.15
LPC18:0 NW 0.13 0.99 0.31 0.003 0.19
LPC18:1 NW 0.45 0.67 0.32 0.045 0.08
LPC20:3 NW 0.16 0.87 0.30 0.006 0.17
LPC20:4 NW 0.13 0.98 0.29 0.002 0.26
LPC22:6 NW 0.13 0.79 0.24 0.002 0.26
PCaa 36:6 NW 0.45 0.41 0.20 0.045 0.08
PCaa:38:5 NW 0.41 0.62 0.28 0.033 0.12
PCaa:38:6 NW 0.20 0.76 0.29 0.013 0.13
PCaa:40:4 NW 0.30 0.61 0.25 0.022 0.14
PCaa:40:5 NW 0.13 0.68 0.19 0.001 0.23
PCaa:40:6 NW 0.13 0.92 0.28 0.003 0.21
PCae:34:0 NW 0.45 0.59 0.29 0.047 0.10
PCae:40:5 NW 0.20 0.77 0.29 0.012 0.14
SM39:1 NW 0.45 0.73 0.35 0.044 0.08
SM42:6 NW 0.16 0.77 0.28 0.009 0.15
∑LPCa NW 0.16 1.11 0.39 0.007 0.16
NEFA 16:2 OW/OB 0.52 − 0.64 0.22 0.008 0.21
NEFA 20:5 OW/OB 0.35 − 0.56 0.18 0.003 0.20
PCaa30:4 OW/OB 0.73 − 0.46 0.22 0.048 0.08
PCae44:5 OW/OB 0.67 − 0.86 0.36 0.026 0.16
PCae40:1 OW/OB 0.73 0.63 0.30 0.041 0.09
PCaa34:2 GDM 0.42 − 0.89 0.42 0.043 0.14
PCaa34:3 GDM 0.42 − 0.97 0.46 0.047 0.13
PCaa36:2 GDM 0.42 − 1.01 0.43 0.027 0.17
PCaa38:6 GDM 0.42 − 1.10 0.46 0.026 0.17
PCaa40:4 GDM 0.42 − 1.26 0.53 0.032 0.22
PCaa40:6 GDM 0.42 − 0.98 0.39 0.018 0.19
PCae36:1 GDM 0.42 − 1.48 0.45 0.003 0.30
PCae:C36:2 GDM 0.42 − 1.37 0.53 0.016 0.20
PCae:C36:3 GDM 0.42 − 1.06 0.39 0.013 0.22
PCae:C38:0 GDM 0.42 − 0.82 0.30 0.013 0.21
PCae:C38:2 GDM 0.42 − 1.21 0.55 0.043 0.20
PCae:C38:6 GDM 0.42 − 1.24 0.53 0.028 0.16
SM33:1 GDM 0.42 − 0.92 0.44 0.047 0.13
SM38:2 GDM 0.42 − 1.07 0.43 0.019 0.19
SM38:3 GDM 0.42 − 0.98 0.43 0.033 0.15
SM40:2 GDM 0.42 − 1.02 0.48 0.049 0.18
SM40:5 GDM 0.42 − 0.97 0.42 0.030 0.16
∑PC:aa GDM 0.42 − 1.23 0.52 0.029 0.17
∑PC:aa:unsaturated GDM 0.42 − 1.23 0.52 0.028 0.17
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NEFA14:1 and NEFA17:1 but was not confirmed by scat-
terplots’ inspection (Supplementary Table S3).

In GDM offspring, many (mainly unsaturated) PC and 
SM, including ∑PCaa, were negatively correlated with z-
BMI (Table 2). Three additional PL and Cys were negatively 
associated with z-BMI, but were not confirmed in the scat-
terplots (Supplementary Table S3).

Associations of the cord blood metabolome with Δ 
z‑BMI at 1 year

In the NW group, we found several negative correlations 
between Δ z-BMI at 1 year and the metabolite groups: LC-
PUFA and PC-PUFA, some TCA intermediates (malic and 
isocitric acid), as well as Asp, and medium-chain AC, even 
though the latter was not confirmed by the scatterplots’ 
inspection (Supplementary Table S6). Asn-to-Asp ratio 
showed a positive correlation (Table 3). The LPC, strongly 
associated with BMI at birth, did not present significant cor-
relations with 1-year Δ z-BMI; also, no trends could be seen 
in the plots. We additionally inspected their relationship to 
Δ z-weight and z-length, but no correlation was found (Sup-
plementary Tables S7 and S8).

In the OW/OB group, only a negative correlation with 
NEFA26:0 could be identified; in particular, the visual 
inspection of LPC associations with Δ z-BMI showed 
no trend. Suspecting that the change in LPC was due 
to growth rather than increase with BMI, relationships 
between LPC, related ratios and Δ z-weight and Δ z-length 
were inspected. Even though not statistically significant, 
LPCa/PCaa and Σ(LPCa16:0 + LPCa18:0)/ΣPCaa were 
negatively correlated with both Δ z-weight and z-length 
(Supplementary Tables S7 and S8).

Also, in the GDM group, few significant correlations 
were found, with His being the only metabolite signifi-
cantly associated with Δ z-BMI after plots’ inspection 
(positive direction). Interestingly, the scatterplots with 
LOESS smoother hinted towards a parabolic relationship 
with LPC16:0, LPC18:0, LPC20:4 and ∑LPC, initially 
decreasing and then increasing with z-BMI (data not 
shown).

Significant results from the linear models for cord blood 
metabolites with 1-year Δ z-BMI are shown in Table 3. Also, 
results from linear models for all investigated metabolites 
with anthropometric measures at birth and at 1 year are listed 
in Supplementary Tables S3–S5 and S6–S8, respectively.

Table 3   Significant results from 
the linear models for cord blood 
metabolites with the 1-year 
BMI for age z-scores (z-BMI) 
in infants born to normal weight 
(NW), overweight/obese (OV/
OB) and gestational diabetes 
mellitus (GDM) mother groups

NEFA non-esterified fatty acids; PC.aa diacyl-phosphatidylcholines; PC.ae acyl-alkyl-phosphatidylcho-
lines; SM sphingomyelins; AC acylcarnitine

Analyte Group p-value (FDR) β Standard 
error (SE)

p-value Adjusted R2

Asp NW 0.30 − 0.25 0.10 0.017 0.65
Malic acid NW 0.30 − 0.39 0.14 0.008 0.65
Isocitric acid NW 0.30 − 0.93 0.33 0.009 0.64
Citric acid NW 0.30 − 0.74 0.29 0.016 0.63
NEFA20:4 NW 0.30 − 0.42 0.16 0.011 0.63
NEFA22:4 NW 0.36 − 0.43 0.21 0.046 0.60
NEFA22:5 NW 0.32 − 0.43 0.17 0.019 0.62
NEFA22:6 NW 0.34 − 0.45 0.19 0.027 0.62
NEFA24:4 NW 0.34 − 0.47 0.20 0.026 0.62
NEFA24:5 NW 0.30 − 0.55 0.21 0.013 0.63
NEFA24:6 NW 0.36 − 0.40 0.19 0.043 0.61
PCaa36.4 NW 0.34 − 0.66 0.29 0.029 0.61
PCaa38.4 NW 0.36 − 0.67 0.31 0.043 0.60
PCaa40.4 NW 0.34 − 0.63 0.28 0.032 0.52
PCaa40.5 NW 0.36 − 0.44 0.20 0.038 0.60
PCae38.4 NW 0.30 − 0.78 0.28 0.010 0.63
PCae38.5 NW 0.34 − 0.70 0.29 0.023 0.61
PCae40.4 NW 0.30 − 0.68 0.24 0.009 0.63
SM41.1 NW 0.36 − 0.69 0.31 0.035 0.60
AC18:2 NW 0.34 − 0.44 0.19 0.031 0.59
Asn-to-Asp ratio NW 0.30 0.36 0.12 0.004 0.68
NEFA 26:0 OW/OB 0.98 − 1.14 0.36 0.005 0.49
His GDM 0.90 1.72 0.61 0.013 0.79
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Discussion

Associations of the cord blood metabolome 
with z‑BMI at birth

Overall, differences were detected in the directions of 
associations between PL and z-BMI between the three 
groups. PL-PUFA were the most prominent species show-
ing behavioural differences, since many of them were 
positively associated with z-BMI in the NW group but 
negatively in OW/OB and GDM groups. On the other 
hand, ∑LPC positively correlated with z-BMI in the NW 
group but showed no relation in OW/OB and GDM groups, 
despite significantly lower levels of several LPC species in 
the latter two. This implies that maternal OB/GDM sup-
presses these associations or alters their direction. This 
could be also observed in the lower metabolite levels (Sup-
plementary Table S1). To our surprise, the three groups 
did not difference with regard to birth anthropometry 
(Table 1).

This could be explained since, in NW pregnancies, PC-
PUFA and LPC are increasingly supplied from mother to 
foetus as a source of FA required for normal foetal growth 
and development [14, 15]. Conversely, in OW/OB or GDM 
pregnancies, it was suggested that these metabolites are not 
only increasingly supplied to the foetus from the maternal 
circulation, but even more increasingly sequestered by the 
active foetal metabolic tissues with higher tendency for 
lipid accumulation and adiposity. Thus, we hypothesize 
that increased accretion of unsaturated PC, especially 
PC-PUFA, in foetal tissues leads to lower cord blood lev-
els of these metabolites in OW/OB and GDM groups. In 
other words, babies born to OW/OB mothers are ‘hyper-
responsive’, i.e. prone to accumulate excess body fat and 
metabolic derangement. The hypothesis was supported by 
previous findings in twins and triplets, with higher total 
foetal mass and lower cord blood PC-PUFA, compared to 
singletons [16]. In general, lower levels of unsaturated PL, 
especially n-3 PUFA, were related to metabolic syndrome, 
obesity and diabetes in infants and adolescents due to their 
role in maintaining membranes’ fluidity and preventing 
the molecules from packing together [17]. Moreover, a 
modulation in the placental FA transport and metabolism 
was reported in obese mothers, mediated by a variety of 
FA binding proteins (FABP) [18]. Alternatively, it was 
suggested that obesity and/or diabetes stimulates placen-
tal lipid storage pathways by upregulating expression of 
key proteins in the lipid esterification pathway. Thus, FA 
uptake by the trophoblast for esterification and storage in 
the placenta [19] is enacted as a defence mechanism to 
protect the foetus from the excess maternal lipid supply 
possibly associated with overweight/obesity or secondary 

to insulin resistance. In other words, the mother buffers the 
effects of extrauterine environment on the developing foe-
tus [20, 21]. This hypothesis might provide an explanation 
why no difference was detected in the birth anthropometry 
(z-BMI) in the OB/GDM relative to NW groups [22].

Lower plasma LPC levels were reported in OV/OB sub-
jects with and without T2D and were explained by changes 
in the metabolic status [23–27]. These changes involve 
increased LPC uptake by metabolically active tissues as 
liver, muscle or adipose tissue, however, with no evidence 
supporting this hypothesis [23]. It was previously suggested 
that increased flux of FA from the adipose tissue to the liver 
in obesity together with altered FA and lipoproteins metabo-
lism causes the LPC accumulation in the liver, thus altering 
their secretion [28].

In line with this picture, medium-chain AC, NEFA 20:5 
in the OW/OB group and Cys in the GDM group correlated 
negatively with z-BMI. For the former finding, we speculate 
that the presence of tendency for enhanced anabolism and 
reduced catabolic pathways in OB/OW group might initiate 
enhanced adiposity and reduced fatty acid oxidation, mir-
rored in decreased midchain AC. Medium-chain AC have 
been previously related to high lipolytic rates and signalling 
activated β-oxidation pathways [29]. For NEFA 20:5 (eicos-
apentanoic acid), an unesterified PUFA, we speculate that it 
behaves similar to PL-PUFA in this group, that is, PUFA are 
uptaken in esterified form and incorporated in total lipids, 
triacylglycerol and PL fraction of the placental and foetal 
tissues rather than freely circulating in cord blood [30].

Regarding Cys, it was previously related to inflamma-
tion in the intrauterine milieu, an expected finding in OB/
GDM. Inflammation stimulates the release of adipokines, 
thus reactive oxygen species (ROS) production causing an 
oxidative stress [31]. This leads to decreased Cys levels, 
where Cys is directed towards glutathione biosynthesis to 
fight ROS, enhancing its consumption and decreasing its 
cord blood levels [32]. Unfortunately, we could not further 
test this hypothesis due to the lack of direct measurements 
for ROS species.

Associations of the cord blood metabolome 
with infant z‑BMI at 1 year of age

We observed that infants of GDM mothers showed signifi-
cantly higher BMI z-scores at 1 year than those born to NW 
mothers (p ˂  0.05). This finding was in line with our previous 
results [10], showing that although both maternal OB and 
GDM are associated with adverse metabolic alterations in 
mother and foetus, the impact of GDM is much more pro-
nounced. Accordingly, it would not be surprising to observe 
a stronger impact of GDM on the infant anthropometry. 
These results also matched previous reports, suggesting that 
GDM effect on childhood growth is independent of infant 
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BW [33, 34], while in contrast with others claiming a rela-
tionship partially mediated by effects on BW [3, 35].

Regarding the associations of cord blood metabolites with 
infants 1-year Δ z-BMI, we did not find an extension of 
the associations previously monitored at birth among the 
three study groups. Unexpectedly, PC-PUFA that were posi-
tively associated with BW in the NW group were found to 
be negatively associated with Δ z-BMI at 1 year. In other 
words, 1-year higher weight gain was related to lower levels 
of PC-PUFA in the NW group, however, not in the OW/OB 
or GDM groups. This suggests that cord blood metabolome, 
when adjusting for the birth anthropometry, shows no pre-
dictive power for later development, at least not at 1 year. 
The literature about this topic is controversial: cord blood 
metabolome has been observed to correlate with anthro-
pometry in children (5 years) [36] but not in adolescents 
(15 years) [12]. These discrepancies could be attributed 
to the role played by postnatal factors, such as diet quality 
(i.e. exposure to postnatal high-calorie or high-fat feeding, 
food preferences and dietary habits [37, 38]) and epigenetic 
modifications that might manifest at later time points. Lack 
of consistency of the associations between birth and 1 year 
further supports this hypothesis.

Another important observation is that the associations 
seen in two important species (PC-PUFA and medium-chain 
AC) with 1-year Δ z-BMI in the NW group are similar to 
those seen in the OB/OW at birth. This could mean that a 
baby, regardless of his/her mother’s phenotype, can develop 
an in utero metabolism favouring later overweight/obesity 
not appearing at birth and needing more time to manifest.

Conversely, none of these associations were found in 
the OW/OB group, while LPCa-to-PCaa and Σ(LPCa 
16:0 + LPCa 18:0)-to-ΣPCaa ratios were negatively associ-
ated with Δ length and weight, that is, overall growth but 
not risk of overweight. In GDM, we found mild indications 
for nonlinear relationships between LPC16:0, LPC18:0, 
LPC20:4 and ∑LPC with z-BMI, initially decreasing and 
then increasing. We speculate that the directions of asso-
ciations between these metabolites and z-BMI might be 
dependent on their concentration ranges.

Advantages and limitations

Our study is one of the few investigating the independent 
impact of maternal BMI and GDM on associations of cord 
blood metabolites with infant anthropometry, using a metab-
olite panel of > 200 metabolites involved in energy metab-
olism. Nonetheless, some limitations deserve comment: 
primarily the limited sample number in the study groups 
and lack of information on socioeconomic status, smoking 
habits, diet and education, which impeded the investigation 
of potential confounding variables such as elevated maternal 
age or higher incidence of caesarean section in the GDM 

and OW/OB groups. The study investigates correlations 
with BMI, which do not fully capture growth. Unfortu-
nately, body composition measures, including fat-free mass 
and lean mass which could be a better measure of growth in 
childhood, were unavailable for analysis.

Conclusion

Our results indicate that GDM is associated with overweight 
in offspring at 1 year independently of the birth weight, but 
no strong associations of 1-year anthropometry and cord 
blood metabolome could be found in this group. In this 
study, associations between the cord blood metabolome and 
infant anthropometry at birth in OB/GDM groups hinted to 
possible future offspring overweight and adiposity. However, 
lack of extension of these correlations to the 1-year infant 
anthropometry indicates poor predictive power of cord blood 
metabolome for later development, at least at 1 year.
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