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Abstract: The in utero environment is important for newborn size at birth, which is associated with
childhood adiposity. We examined associations between maternal metabolite levels and newborn
birthweight, sum of skinfolds (SSF), and cord C-peptide in a multinational and multi-ancestry cohort
of 2337 mother–newborn dyads. Targeted and untargeted metabolomic assays were performed on
fasting and 1 h maternal serum samples collected during an oral glucose tolerance test performed at
24–32 week gestation in women participating in the Hyperglycemia and Adverse Pregnancy Out-
come (HAPO) Study. Anthropometric measurements were obtained on newborns at birth. Following
adjustment for maternal BMI and glucose, per-metabolite analyses demonstrated significant associa-
tions between maternal metabolite levels and birthweight, SSF, and cord C-peptide. In the fasting
state, triglycerides were positively associated and several long-chain acylcarnitines were inversely
associated with birthweight and SSF. At 1 h, additional metabolites including branched-chain amino
acids, proline, and alanine were positively associated with newborn outcomes. Network analyses
demonstrated distinct clusters of inter-connected metabolites significantly associated with newborn
phenotypes. In conclusion, numerous maternal metabolites during pregnancy are significantly associ-
ated with newborn birthweight, SSF, and cord C-peptide independent of maternal BMI and glucose,
suggesting that metabolites in addition to glucose contribute to newborn size at birth and adiposity.

Keywords: gestational diabetes; metabolomics; newborn adiposity

1. Introduction

The prevalence of childhood obesity and associated metabolic disorders is increasing,
indicating the need for early identification of those at risk to allow for early preventative
interventions [1]. Childhood adiposity results from a combination of genetic and environ-
mental factors, including the intrauterine environment [2,3]. Pregnancy is characterized by
changes in carbohydrate, fat, and protein metabolism to match the physiological demands
of pregnancy and ensure appropriate fetal development [4]. Pregnancy-related changes in
metabolism, including those accompanying altered insulin sensitivity and fat accumula-
tion, are reflected in the maternal metabolome [5]. The metabolome is influenced by both
intrinsic (e.g., genetic) and extrinsic (e.g., diet, exercise, etc.) factors [6,7]. Understanding
intrauterine metabolic predictors of newborn adiposity might help early identification of
children at risk of developing childhood obesity and inform directed prevention efforts
during pregnancy.

Newborn adiposity is a strong predictor of childhood adiposity. There is an indepen-
dent positive association between newborn adiposity, as measured by sum of skin folds
(SSF) and fat mass, and childhood adiposity [2,8]. Since newborn adiposity is a strong
predictor for childhood adiposity, numerous studies have examined the relationship of
the intrauterine environment to newborn adiposity [9,10]. High maternal glucose and
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BMI are two well-described factors independently associated with greater newborn adi-
posity [11]. Recent studies have shown that maternal hyperglycemia and obesity are also
associated with childhood adiposity and metabolic health 10–14 years after delivery [8,12].
Metabolomic studies examining the relationship between maternal phenotype and maternal
metabolites revealed that maternal BMI and hyperglycemia are associated with distinctive
subsets of circulating metabolites [13]. Analyses of maternal circulating metabolites also
indicated that metabolites beyond glucose contribute to newborn adiposity. Specifically,
maternal levels of amino acids, acylcarnitines, lipids, and fatty acids and their metabolites
during pregnancy are associated with fetal growth and adiposity, independent of maternal
BMI and blood glucose levels [14]. As new metabolomic data have become available from
the Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study, we re-examined the
relationship between maternal metabolites and newborn birthweight, sum of skinfolds
(SSF) and cord C-peptide to more fully characterize the maternal metabolome associated
with newborn anthropometric outcomes.

2. Materials and Methods
2.1. Data and Sample Collection

The HAPO Study was a large, multinational, racially and ethnically diverse population-
based study [15,16]. In brief, maternal blood samples were obtained during a 75 g oral
glucose tolerance test (OGTT) at 24–32 weeks of gestation. Fasting, 1 h, and 2 h plasma
glucose levels were measured. Caregivers and study participants were blinded to the
OGTT results unless the fasting plasma glucose level was greater than 105 mg/dL or the
2 h plasma glucose level was greater than 200 mg/dL. Maternal serum samples were stored
at −80 degrees C prior to metabolomics assays. Metabolic profiling was performed on
maternal fasting and 1 h serum samples from 2337 mothers at 11 field centers worldwide.
The field centers included Bangkok, Barbados, Belfast, Bellflower, Brisbane, Chicago,
Cleveland, Hong Kong, Manchester, Newcastle, and Toronto.

The study protocol was approved by the Institutional Review Board at all participating
sites, and each mother provided written informed consent. Trained personnel acquired
maternal anthropometric measurements using a standardized protocol at the time of
the OGTT. Gestational age was calculated from the date of the last menstrual period as
described previously [15,16]. Demographic data were collected via questionnaire. Newborn
anthropometric measurements, including birthweight and SSF, were measured within 72 h
of delivery using calibrated equipment and standardized methods across field centers. Cord
blood was obtained for measurement of serum C-peptide and other metabolites [15,16].

2.2. Conventional Metabolites and Targeted Metabolomics Assays

Conventional clinical metabolite and targeted metabolomics assays were conducted
as previously described using maternal serum obtained fasting and 1 h after a glucose
load [17,18]. Briefly, 15 amino acids, 45 acylcarnitines and 5 conventional clinical and
targeted metabolites were analyzed. Levels of conventional clinical metabolites, including
lactate, triglycerides, 3-hydroxybutyrate, glycerol, and nonesterified fatty acids (NEFA),
were measured on a Unicel DxC 600 clinical analyzer (Beckman Coulter, Brea, CA, USA).
Targeted metabolomics assays for acylcarnitines and amino acids were conducted by
tandem mass spectrometry (MS) with addition of known quantities of stable isotope-labeled
internal standards on an Acquity TQD Triple Quadrupole system (Waters Corporation,
Milford, MA, USA).

2.3. Untargeted Metabolite Analyses

Untargeted metabolomics assays were performed using gas chromatography-mass
spectrometry (GC-MS) to examine a broad range of maternal metabolites in serum. For
these assays, maternal fasting and 1 h serum samples were extracted with methanol that
was spiked with a retention time-locking (RTL) internal standard of perdeuterated myristic
acid. Extracts were dried and derivatized by methoximation and trimethylsilylation [17,18].
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Samples were run in daily batches of matched sets of fasting and 1 h maternal OGTT
sera on a 7890B GC/5977B MS (Agilent Technologies, Santa Clara, CA, USA). To adjust
for batch-to-batch and run order variation, quality control (QC) pools were established
using equal volumes from all maternal samples and prepared for analysis as described
above. QCs were injected as the first, middle and last samples of each daily GC-MS run.
To control for technical variability attributable to batch and run order, GC-MS data were
normalized using QC data and the Metabomxtr R package, version 1.16.0.6 [19]. GC-MS
peaks were de-convoluted with Automated Mass Spectral Deconvolution and Identification
System (AMDIS) freeware and annotated using the Agilent Fiehn GC-MS Metabolomics
RTL spectral library, with additions from the laboratory at Duke University School of
Medicine. Manual curation included identifying co-eluting groups of isomeric metabolites
and selecting reliable peaks. Detected peak areas were log2-transformed for analysis. A
total of 73 GC-MS metabolites not assayed using targeted approaches were included for
data analysis.

2.4. Statistical Analyses

Acylcarnitine and 3-hydroxybutyrate levels were log-transformed to improve normal-
ity. Outlying metabolite values, defined as five or more SDs from the mean, and data from
individuals with more than ten outlying metabolites for a sample type (fasting, 1 h) were
excluded from analysis.

Associations between phenotypes and metabolites with <10% missing data within
sample type were identified using linear regression within ancestry groups. Analyses
treating maternal metabolites as predictors and newborn birthweight, SFF and cord C-
peptide as outcomes were adjusted for field center, first 3 principal components of genetic
ancestry [20], maternal mean arterial pressure, age, parity (0/1+), height, and smoker or
drinker, newborn sex and gestational age at delivery, and sample storage time (Model 1).
An additional model adjusted for all the covariates above plus maternal BMI and glucose
during the HAPO OGTT (fasting for fasting metabolites and 1 h glucose for 1 h metabolites)
(Model 2).

Graphical lasso techniques were used to identify the network structures underlying
maternal metabolite associations with newborn phenotypes [21,22]. Metabolites were
represented by nodes, and edges depicted non-zero partial correlations of metabolite pairs
conditional on all other metabolites in the network. We identified a set of fasting maternal
metabolites with less than 1% missing data and estimated the graph structure using the
residuals from linear models with fasting metabolites as outcomes and Model 2 covariates
as predictors, using graphical lasso through a sequence of values for a penalty term,
lambda, where a stronger lambda results in a sparser network with fewer edges. The final
lambda penalty term was selected using the rotation information criterion approach. Nodes
on the resultant estimated network are sized according to the −log10(nominal p-value)
from the fasting maternal per-metabolite analyses with newborn outcomes. To further
elucidate network structure, spin-glass clustering was applied to the estimated networks
to identify communities of nodes that are more tightly connected to each other than the
other nodes in the network [23]. Similar approaches were applied to the maternal one-hour
metabolite networks.

3. Results
3.1. Study Population

The characteristics of the 2337 participating mothers and their children appear in
Table 1. The mean maternal BMI at OGTT was 27.9 and the mean fasting and 1 h glucose
levels were 4.5 mmol/L and 7.5 mmol/L, respectively. Neonates were roughly equally
distributed between males and females.
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Table 1. Characteristics of participating mothers and newborns.

Maternal Participants (n = 2337)

Black 663 (28.4%)
East Asian 436 (18.7%)
Hispanic 53 (2.3%)
South Asian 629 (26.9%)
White 556 (23.8%)

Maternal Characteristics

Age at OGTT, years 29.2 (5.8)
Height, cm 161.0 (7.1)
BMI at OGTT, kg/m2 27.9 (5.1)
Mean arterial pressure, mmHg 80.7 (7.8)
Fasting plasma glucose, mmol/L 4.5 (0.4)
1 h plasma glucose, mmol/L 7.5 (1.7)
Gestational age at OGTT, weeks 27.8 (1.8)
Gestational age at delivery, weeks 39.8 (1.2)
Smoking (continued smoking in pregnancy) 61 (2.6%)
Alcohol (continued alcohol consumption in pregnancy) 103 (4.4%)
Parity (nulliparous) 1245 (53.3%)

Newborn Participants (n = 2337)

Black 559 (23.9%)
East Asian 654 (28.0%)
Hispanic 451 (19.3%)
South Asian 50 (2.1%)
White 623 (26.7%)

Newborn Characteristics

Birthweight, g 3391.5 (485.0)
SSF 12.5 (2.7)
Cord blood C-peptide, nmol/L 0.3 (0.2)
Male sex 1175 (50.3%)
Female sex 1162 (49.7%)

Data are shown as mean (SD) or n (%).

3.2. Associations of Maternal Metabolites with Newborn Phenotypes

The association of fasting and 1 h maternal metabolites with newborn birthweight,
SSF, and cord C-peptide was examined. The β estimates and FDR-adjusted p-values for
associations between maternal fasting and 1 h metabolites and newborn birthweight, sum
of skinfolds, and cord C-peptide after adjustment for maternal BMI and glucose (Model 2)
are shown in Table 2. Few fasting maternal metabolites were significantly associated with
birthweight at baseline, but several were significantly associated in the fully adjusted
model. Fasting alanine, pyruvic acid, and triglycerides were associated with birthweight in
Model 1, as were two long-chain acylcarnitines, AC 14:2 and AC C18:2, and these associa-
tions persisted after adjustment for maternal BMI and fasting glucose (Model 2). Fasting
1,5-anhydroglucitol was negatively associated with birthweight in both the baseline and
fully adjusted models. Several maternal metabolites became significantly associated with
birthweight in the fully adjusted model. Specifically, arginine as well as acetylcarnitine and
the medium-chain acylcarnitines AC C8:1, AC C8:1-OH/C6:1, AC 10:1, and AC C12:1 were
negatively associated and methionine was positively associated with birthweight in the
fully adjusted model (Model 2). Interestingly, these associations, which were not evident in
the baseline model, became significant when maternal BMI was included in the model.
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Table 2. Associations of maternal metabolites with newborn outcomes.

Model 1
Beta (CI, p)

Model 2
Beta (CI, p)

Birthweight

Fasting metabolites

Arginine −12.92 (−31.86–6.03, 0.35) −33.07 (−51.80–14.35, 1.18 × 10−2)

Triglycerides 52.13 (34.53–69.73, 4.81 × 10−7) * 44.80 (27.58–62.03, 2.43 × 10−5)

Alanine 30.31 (12.91–47.70, 1.86 × 10−2) 25.26 (7.97–42.55, 3.06 × 10−2)

Methionine 22.07 (4.96–39.18, 8.13 × 10−2) 24.51 (7.86–41.17, 3.06 × 10−2)

Pyruvate 32.57 (17.77–47.37, 8.90 × 10−4) 25.16 (10.64–39.67, 1.84 × 10−2)

AC C2 −20.61 (−38.00–−3.22, 0.11) −26.21 (−43.22–−9.20, 2.37 × 10−2)

AC C8:1 −10.74 (−28.18–6.69, 0.39) −28.54 (−45.81–−11.27, 1.58 × 10−2)

AC C8:1-OH/C6:1-DC −21.06 (−38.84–−3.29, 0.11) −24.14 (−41.45–−6.82, 4.12 × 10−2)

AC C10:1 −22.05 (−39.08–−5.02, 8.13 × 10−2) −26.973 (−43.58–−10.36, 1.60 × 10−2)

AC C12:1 −18.87 (−36.12–−1.63, 0.12) −23.01 (−39.93–−6.10, 4.57 × 10−2)

AC C14:2 −29.05 (−46.12–−11.99, 1.86 × 10−2 −31.70 (−48.42–−14.98, 6.76 × 10−3)

AC C18:2 −28.45 (−46.14–−10.76, 2.67 × 10−2) −29.35 (−46.65–−12.06, 1.45 × 10−2)

1,5-Anhydroglucitol −33.31 (−49.46–−17.17, 1.43 × 10−3) −33.06 (−48.88–−17.23, 2.32 × 10−3)

One-hour metabolites

Leucine/Isoleucine 38.92 (21.57–56.26, 1.88 × 10−4) 20.33 (3.10–37.55, 8.13 × 10−2)

Valine 34.77 (17.04–52.50, 1.16 × 10−3) 17.36 (−0.178–34.90, 0.13)

Triglycerides 59.48 (41.75–77.20, 3.93 × 10−9) 49.66 (32.270–67.06, 1.61 × 10−6)

Alanine 42.74 (25.18–60.30, 6.35 × 10−5) 39.81 (22.68–56.94, 1.79 × 10−4)

Glutamine/Glutamic acid 33.36 (15.40–51.33, 2.27 × 10−3) 11.24 (−6.69–29.17, 0.36)

Methionine 35.44 (18.39–52.48, 5.20 × 10−4) 29.51 (12.90–46.11, 8.21 × 10−3)

Proline 36.23 (19.17–53.30, 4.28 × 10−4) 28.53 (11.89–45.18, 1.03 × 10−2)

Hydroxyprolines 21.47 (9.88–33.07, 5.23 × 10−3) 16.22 (4.91–27.53, 5.40 × 10−2)

Threonine 23.25 (11.70–34.80, 2.64 × 10−3) 19.44 (8.19–30.68, 1.93 × 10−2)

Tyrosine 30.36 (13.20–47.51, 3.86 × 10−3) 14.23 (−2.73–31.18, 0.20)

Glycine 11.89 (−5.77–29.56, 0.46) 25.29 (8.02–42.56, 3.85 × 10−2)

Pyruvate 22.56 (9.52–35.60, 8.06 × 10−3) 13.52 (0.73–26.31, 0.30)

AC C2 −4.05 (−21.81–13.71, 0.85) −27.04 (−44.66–9.43, 2.87 × 10−2)

AC C6 29.21 (10.17–48.25, 1.59 × 10−2) 11.72 (−7.01–30.46, 0.36)

AC C8:1 −11.02 (−28.43–6.39, 0.50) −35.39 (−52.68–−18.09, 1.36 × 10−3)

Lactate 30.03 (11.80–48.26, 8.22 × 10−3) 23.08 (5.11–41.06, 7.04 × 10−2)

3-Hydroxybutyrate 39.80 (22.19–57.40, 1.88 × 10−4) 3.83 (−14.60–22.25, 0.71)

Glucose and other aldohexoses 27.01 (11.33–42.68, 8.06 × 10−3) −0.56 (−16.90–15.79, 0.95)

6-Deoxyhexose 17.07 (5.98–28.17, 2.33 × 10−2) 16.67 (5.89–27.45, 4.46 × 10−2)

3-Carboxy-4-methyl-5-propyl-2-
furanpropanoic
acid

−16.99 (−28.95–−5.03, 4.04 × 10−2) −16.65 (−28.26–−5.04, 5.40 × 10−2)

1,5-Anhydroglucitol −31.51 (−47.33–−15.69, 2.64 × 10−3) −28.51 (−44.07–−12.95, 1.82 × 10−2)

Palmitoleic acid 11.63 (3.35–19.92, 4.04 × 10−2) 3.96 (−4.23–12.15, 0.71)
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Table 2. Cont.

Model 1
Beta (CI, p)

Model 2
Beta (CI, p)

Sum of Skinfolds

Fasting metabolites

Leucine/Isoleucine 0.15 (0.05–0.26, 4.09 × 10−2) 0.09 (−0.01–0.19, 0.25)

Valine 0.21 (0.10–0.32, 4.26 × 10−3) 0.12 (0.01–0.22, 0.16)

Triglycerides 0.25 (0.15–0.36, 1.70 × 10−4) 0.21 (0.11–0.31, 4.84 × 10−3)

Alanine 0.15 (0.05–0.25, 4.09 × 10−2) 0.10 (−0.01–0.20, 0.23)

Proline 0.16 (0.06–0.26, 3.57 × 10−2) 0.09 (−0.02–0.19, 0.28)

Glycine −0.15 (−0.26–−0.05, 4.09 × 10−2) −0.11 (−0.21–−0.00, 0.17)

Pyruvate 0.20 (0.11–0.29, 5.39 × 10−4) 0.16 (0.07–0.25, 2.05 × 10−2)

AC C5:1 0.18 (0.07–0.28, 1.68 × 10−2) 0.17 (0.07–0.27, 2.33 × 10−2)

AC C14:2 −0.16 (−0.26–−0.06, 3.45 × 10−2) −0.17 (−0.26–−0.07, 2.74 × 10−2)

1,5-Anhydroglucitol −0.17 (−0.26–−0.07, 1.72 × 10−2) −0.16 (−0.25–−0.06, 2.70 × 10−2)

One-hour metabolites

Leucine/Isoleucine 0.23 (0.12–0.34, 2.72 × 10−4) 0.14 (0.04–0.24, 4.73 × 10−2)

Valine 0.25 (0.14–0.36, 1.41 × 10−4) 0.17 (0.06–0.27, 1.85 × 10−2)

Triglycerides 0.29 (0.18–0.39, 1.32 × 10−5) 0.23 (0.12–0.33, 1.68 × 10−3)

Alanine 0.19 (0.09–0.30, 5.10 × 10−3) 0.17 (0.07–0.28, 1.85 × 10−2)

Proline 0.21 (0.10–0.31, 1.81 × 10−3) 0.16 (0.06–0.26, 1.85 × 10−2)

Hydroxyprolines 0.15 (0.08–0.21, 1.92 × 10−3) 0.12 (0.05–0.19, 1.21 × 10−2)

Creatinine 0.10 (0.03–0.17, 3.57 × 10−2) 0.08 (0.02–0.15, 0.15)

Threonine 0.14 (0.07–0.21, 2.28 × 10−3) 0.12 (0.05–0.19, 1.21 × 10−2)

Glycolic acid −0.07 (−0.11–−0.02, 4.87 × 10−2) −0.07 (−0.11–−0.02, 5.03 × 10−2)

Pyruvate 0.15 (0.07–0.23, 5.68 × 10−3) 0.10 (0.02–0.18, 0.12)

AC C5:1 0.16 (0.06–0.27, 2.13 × 10−2) 0.16 (0.06–0.26, 1.85e × 10−2)

AC C2 −0.02 (−0.13–0.08, 0.80) −0.14 (−0.25–−0.04, 4.73 × 10−2)

AC C10-OH/C8-DC −0.07 (−0.17–0.04, 0.55) −0.16 (−0.27–−0.06, 1.85 × 10−2)

AC C14:1 −0.04 (−0.14–0.07, 0.77) −0.18 (−0.28–−0.08, 1.85 × 10−2)

AC C14:1-OH −0.10 (−0.21–−0.00, 0.21) −0.15 (−0.25–−0.05, 2.55 × 10−2)

AC C14:2 −0.04 (−0.15–0.06, 0.77) −0.17 (−0.27–−0.06, 1.85 × 10−2)

AC C16:1 −0.03 (−0.14–0.07, 0.77) −0.16 (−0.26–−0.05, 2.11 × 10−2)

AC C20-OH/C18-DC −0.12 (−0.22–0.01, 1.69 × 10−1) −0.14 (−0.24–−0.03, 4.86 × 10−2)

Lactate 0.17 (0.06–0.28, 2.13 × 10−2) 0.13 (0.02–0.23, 9.99 × 10−2)

3-Hydroxybutyrate 0.17 (0.06–0.27, 2.13 × 10−2) −0.03 (−0.14–0.09, 0.72)

Glucose and other aldohexoses 0.15 (0.05–0.24, 2.54 × 10−2) 0.00 (−0.01–0.10, 0.99)

1,5-Anhydroglucitol −0.17 (−0.27–−0.08, 5.68 × 10−3) −0.15 (−0.25–−0.06, 2.55 × 10−2)
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Table 2. Cont.

Model 1
Beta (CI, p)

Model 2
Beta (CI, p)

Cord C-Peptide

Fasting metabolites

Arginine 0.04 (0.02–0.07, 2.67 × 10−2) 0.019 (−0.01–0.04, 0.64)

Leucine/Isoleucine 0.04 (0.02–0.07, 6.96 × 10−3) 0.029 (0.01–0.05, 0.14)

Valine 0.06 (0.03–0.08, 1.67 × 10−4) 0.04 (0.01–0.06, 0.11)

Triglycerides 0.05 (0.02–0.07, 4.28 × 10−3) 0.04 (0.01–0.06, 0.11)

AC C5 0.04 (0.01–0.06, 2.67 × 10−2) 0.02 (0.00–0.05, 0.33)

AC C5-OH/C3-DC 0.04 (0.02–0.07, 7.94 × 10−3) 0.03 (0.01–0.06, 0.11)

One-hour metabolites

Arginine 0.04 (0.01–0.06, 4.26 × 10−2) 0.02 (−0.00–0.05, 0.47)

Leucine/Isoleucine 0.05 (0.03–0.08, 3.49 × 10−4) 0.04 (0.01–0.06, 6.34 × 10−2)

Valine 0.06 (0.03–0.08, 1.92 × 10−4) 0.04 (0.02–0.07, 2.31 × 10−2)

Triglycerides 0.06 (0.03–0.08, 1.92 × 10−4) 0.05 (0.02–0.07, 1.86 × 10−2)

3-Hydroxybutyrate 0.04 (0.02–0.07, 1.01 × 10−2) 0.01 (−0.02–0.03, 0.85)

Glucose and other aldohexoses 0.05 (0.03–0.07, 1.41 × 10−4) 0.03 (0.00–0.05, 0.56)

2-Ketoleucine/ketoisoleucine 0.03 (0.02–0.04, 8.03 × 10−4) 0.03 (0.01–0.04, 1.17 × 10−2)

* Betas, confidence intervals and p values in bold font reflect significant associations of maternal metabolites with
newborn birthweight, sum of skinfolds, and cord C-peptide after correction for false discovery.

In contrast to the fasting state, several maternal metabolites 1 h after a glucose load
were associated with birthweight in the baseline model (Model 1). These included the
branched-chain amino acids (BCAA), although their association was attenuated after ad-
justment for maternal BMI and 1 h glucose (Model 2). Additional maternal amino acids,
including alanine, threonine, methionine, proline, tyrosine, and glutamine/glutamic acid,
were significantly associated with birthweight at baseline, with alanine, threonine, me-
thionine, and proline remaining associated with birthweight in the fully adjusted model.
Glycine was not significantly associated with birthweight at baseline, but it was signifi-
cantly associated after adjustment for maternal BMI and 1 h glucose. Glucose and other
aldohexoses, palmitoleic acid, pyruvic acid, 3-hydroxybuturate, and lactate were associated
with birthweight at baseline, but these associations were attenuated after full adjustment. In
contrast, triglycerides and 6-deoxyhexose were associated with birthweight both at baseline
and after adjustment for maternal BMI and 1 h glucose. 1,5-anhydroglucitol was again neg-
atively associated with birthweight in both the baseline and fully adjusted models, while
a significant association of acetylcarnitine and the medium-chain acylcarnitine, AC C8:1,
with birthweight became apparent after adjustment for maternal BMI and 1 h glucose.

Several fasting and 1 h maternal metabolites were associated with newborn SSF at
baseline (Model 1), but many of these associations were again attenuated after adjustment
for maternal BMI and fasting glucose (1 h glucose for 1 h metabolites). In the fasting state,
the BCAAs, leucine/isoleucine and valine, as well as the BCAA metabolite, AC C5:1, were
associated with SSF folds in Model 1. The association of fasting leucine/isoleucine and
valine with SSF was attenuated after adjustment for maternal BMI and fasting glucose,
although valine remained associated with SSF after adjustment for maternal BMI only.
The association of AC C5:1 with SSF was present both in the baseline model and after
adjustment for maternal BMI and fasting glucose (Model 2). Acetylcarnitine (AC C2), as
well as several long-chain acylcarnitines, AC C14:2, AC C18:2, AC C16:2, and AC 16:1,
were negatively associated with SSF after adjustment for maternal BMI, but of these,
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only AC C14:2 remained associated after adjustment for both maternal BMI and fasting
glucose. Fasting 1.5-anhydroglucitol was negatively associated with SSF after adjustment
for maternal BMI and fasting glucose, while fasting triglycerides were positively associated
with SSF after adjustment for maternal BMI and fasting glucose.

One hour following a glucose load, the BCAAs and the BCAA metabolite, AC C5:1, to-
gether with triglycerides, were associated with SSF after adjustment for maternal BMI
and 1 h glucose. Amino acids alanine, threonine, and proline were also associated
with SSF after adjustment for maternal BMI and 1 h glucose, as were hydroxyprolines.
1,5-Anhydroglucitol was again negatively associated with SSF, in both the baseline and
fully adjusted models. Pyruvic acid was associated with SSF in Model 1, but this as-
sociation was attenuated after adjustment for maternal BMI and 1 h glucose. Several
maternal acylcarnitines were not associated with SSF in the baseline model but were sig-
nificantly and negatively associated with SSF after adjustment for maternal BMI and 1 h
glucose. These included acetylcarnitine (AC C2), as well as the medium-chain acylcarnitine,
AC C10-OH/C8-DC, and the long-chain acylcarnitines AC C14:2, AC C14:1, AC C14:1-OH,
AC C20-OH/C18-DC, and AC C16:1.

A number of maternal fasting and 1 h metabolites were associated with cord C-
peptide after adjustment for standard covariates (Model 1), but most of these associations
were attenuated after further adjustment for maternal BMI and fasting glucose (1 h glu-
cose for 1 h metabolites) (Model 2). In the fasting state, the branched-chain amino acids,
leucine/isoleucine and valine, and their metabolites, AC C5 and AC C5-OH/C3-DC,
together with triglycerides were associated with cord C-peptide in Model 1, but these asso-
ciations were attenuated after adjustment for maternal BMI and glycemia. One hour after a
glucose load, the BCAAs, together with their metabolite, ketoleucine/ketoisoleucine, and
triglycerides were again associated with cord C-peptide; valine, ketoleucine/ketoisoleucine,
and triglycerides remained associated with cord C-peptide after adjustment for maternal
BMI and glycemia (Model 2).

3.3. Network Analyses

Because metabolites are interconnected, network analyses allow for the visualization
of the greater context in which metabolite–phenotype associations occur. To that end,
network analyses were conducted to identify joint associations of maternal metabolites
at both fasting and 1 h with the newborn adiposity outcomes and cord C-peptide levels
(Figures 1–3). This enabled visualization of the connectivity between maternal metabolites
that may or may not have demonstrated individually statistically significant associations
with the newborn phenotypes. The size of each node reflected the strength of individual
metabolite associations with each newborn outcome.

Several distinct metabolite communities were evident in the maternal metabolite
networks associated with birthweight. At fasting, there were six distinct clusters of metabo-
lites comprised of a variety of maternal metabolites, including fatty acids, carbohydrates,
lipids, amino acids, and acylcarnitines. One large cluster included primarily medium- and
long-chain acylcarnitines together with acetylcarnitine and additional lipids, including
glycerol, non-esterified fatty acids, and 3-hydroxybutyrate. A second smaller cluster of
acylcarnitines included the BCAA metabolites, AC C3, AC C4 and AC C5. Each acylcarni-
tine in this cluster had a connection to valine, which was included in a cluster of BCAAs
and additional amino acids, most prominently alanine, methionine, and arginine. Other
important metabolites in this cluster of amino acids were the triglycerides which, in turn,
were connected to the large cluster of acylcarnitines through AC C16, palmitoylcarnitine.
An additional large cluster contained metabolites from a variety of different classes with
varying strengths of association (as reflected by different node sizes). Prominent members
of this cluster included 1,5-anhydroglucitol and pyruvic acid.
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Figure 1. Maternal fasting (A) and 1 h (B) metabolite networks associated with birthweight. Grey shading represents spin-glass communities within the metabolite
networks. The lines between two nodes (edges) represent dependence among metabolite pairs conditional on all other metabolites in the network according to
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graphical lasso. Red edges represent dependencies for metabolites in different spin-glass clusters and white edges represent dependencies for metabolites within the
same spin-glass cluster. The node size of each individual metabolite reflects the strength of the association with each newborn outcome. A larger node size indicates
a more robust association. Nodes are colored by metabolite class (AA, amino acid; AC, acylcarnitine; CHO, carbohydrate; FA, fatty acid; GC/TCA, glycolysis,
tricarboxylic acid cycle; LIPIDS, lipids; MISC, miscellaneous; OA, organic acid; PUR/PYR, purine/pyrimidine). Metabolite names are abbreviated as follows: BHB,
3-Hydroxybuturate; TG, triglycerides; Pyr, pyruvic acid; GA, glycolic acid; 2-HB, 2-Hydroxybutyric acid; p-Cr, p-Cresol; 2-HV, 2-Hydroxyvaleric acid; O-MePO4,
O-Methylphosphate; 2-Kile, 2-Ketoleucine; MEA, Ethanolamine; Phos, Phosphoric acid; SA, Succinic acid; C9:0, Nonanoic acid; Thre Ery, Threose erythrose; C10:0,
Decanoic acid; AM, Aminomalonic acid; Hyp, Hydroxyprolines; Cre, Cretainine; C12:0, Laurric acid; AP, Aldopentoses; 6-DH, 6-Deoxyhexose; G1PO4, Glycerol
Heptadecanoic acid; C18:0 Octadecanol; IAA, 3-Indolelactic acid; Trp, Tryptophan; PseUr, Pseudouridine; ARA, Arachidonic acid; β MP, beta-monoplamitin; Flav,
Flavonoid short-chain cholesterol ester; γ TCP, gamma-Tocopherol; α TCP, alpha-Tocopherol; Chol, Cholesterol; 2-KV, 2-Ketovaline; Fum, Fumarate.
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Figure 2. Maternal fasting (A) and 1 h (B) metabolite networks associated with newborn sum of skinfolds. Grey shading represents spin-glass com-
munities within the metabolite networks. The lines between two nodes (edges) represent dependence among metabolite pairs conditional on all other 
metabolites in the network according to graphical lasso. Red edges represent dependencies for metabolites in different spin-glass clusters and white 
edges represent dependencies for metabolites within the same spin-glass cluster. The node size of each individual metabolite reflects the strength of 
the association with each newborn outcome. A larger node size indicates a more robust association. Nodes are colored by metabolite class as described 
in Figure 1. Metabolites are abbreviated as per the legend for Figure 1. 

Figure 2. Maternal fasting (A) and 1 h (B) metabolite networks associated with newborn sum of skinfolds. Grey shading represents spin-glass communities
within the metabolite networks. The lines between two nodes (edges) represent dependence among metabolite pairs conditional on all other metabolites in the
network according to graphical lasso. Red edges represent dependencies for metabolites in different spin-glass clusters and white edges represent dependencies for
metabolites within the same spin-glass cluster. The node size of each individual metabolite reflects the strength of the association with each newborn outcome. A
larger node size indicates a more robust association. Nodes are colored by metabolite class as described in Figure 1. Metabolites are abbreviated as per the legend for
Figure 1.
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Figure 3. Maternal fasting (A) and 1 h (B) metabolite networks associated with cord C-peptide. Grey shading represents spin-glass communities 
within the metabolite networks. The lines between two nodes (edges) represent dependence among metabolite pairs conditional on all other metab-
olites in the network according to graphical lasso. Red edges represent dependencies for metabolites in different spin-glass clusters and white edges 
represent dependencies for metabolites within the same spin-glass cluster. The node size of each individual metabolite reflects the strength of the 
association with each newborn outcome. A larger node size indicates a more robust association. Nodes are colored by metabolite class as described 
in Figure 1. Metabolites are abbreviated as per the legend for Figure 1. 

Figure 3. Maternal fasting (A) and 1 h (B) metabolite networks associated with cord C-peptide. Grey shading represents spin-glass communities within the metabolite
networks. The lines between two nodes (edges) represent dependence among metabolite pairs conditional on all other metabolites in the network according to
graphical lasso. Red edges represent dependencies for metabolites in different spin-glass clusters and white edges represent dependencies for metabolites within the
same spin-glass cluster. The node size of each individual metabolite reflects the strength of the association with each newborn outcome. A larger node size indicates
a more robust association. Nodes are colored by metabolite class as described in Figure 1. Metabolites are abbreviated as per the legend for Figure 1.
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At 1 h, there were five distinct clusters of maternal metabolites associated with birth-
weight. Similar to the fasting state, there was a cluster of largely long- and medium-chain
acylcarnitines together with acetylcarnitine, a cluster of amino acids together with triglyc-
erides, a small cluster of BCAA metabolites, and a large cluster of mixed metabolites. There
was a new, larger community of metabolites that included cholesterol and alpha-tocopherol,
as well as several fatty acids. Also of note is that the size of various nodes changed between
the fasting and 1 h networks, reflecting changes in the strength of individual maternal
metabolite associations with birthweight, but the inter-connectivity between the different
communities of metabolites was maintained.

Given the relationship between birthweight and SSF, the maternal metabolite com-
munities, both fasting and 1 h after a glucose load, present in the networks for these two
newborn phenotypes were similar. Connectivity between the communities was also similar,
although the strength of association (i.e., node size) of some metabolites differed between
birthweight and SSF.

Cord C-peptide had similar maternal metabolite communities, although the promi-
nence of different communities, based on the strength of association of metabolites within
the communities, differed from the networks for birthweight and SSF. In the fasting state,
triglycerides remained a highly associated metabolite. Within that community of metabo-
lites, valine was more strongly associated with C-peptide than birthweight or SSF, while
a number of other amino acids showed lesser degrees of association with C-peptide.
Similarly, the community of acylcarnitines showed a weaker association with cord C-
peptide than the other newborn phenotypes. For the communities present 1 h after a
glucose load, the major differences were evidence for stronger association of various BCAA
metabolites, i.e., the community of acylcarnitines that are BCAA metabolites as well as
ketoleucine/ketoisoleucine, in the large community of mixed metabolites, and the weaker
association of metabolites in the community of acetylcarnitine (AC C2) together with
medium- and long-chain acylcarnitines. Connectivity between communities within the
fasting and 1 h cord C-peptide networks was similar to that present in the networks for
birthweight and SSF.

4. Discussion

This study examined associations of maternal metabolites during pregnancy with new-
born birthweight, SSF, and cord C-peptide in the multi-ethnic HAPO cohort. Previously, the
HAPO Study demonstrated significant associations of maternal fasting and 1 h metabolites
during pregnancy with birthweight, SSF, and cord C-peptide [14]. In the present study,
associations of the maternal metabolome with these newborn outcomes were examined in
a larger cohort with greater ancestral diversity to identify novel associations. The present
study demonstrated new associations of numerous metabolites with newborn birthweight,
SSF and/or cord C-peptide independent of maternal glucose and BMI than previously
identified, consistent with the concept that metabolites beyond glucose contribute to an
intrauterine environment that affects newborn adiposity.

To date, most studies examining metabolite levels during pregnancy have focused on
fasting metabolites or metabolites from random blood draws; few have evaluated maternal
metabolites both fasting and following a standard glucose load. Thus, the present study was
uniquely positioned to examine the association between maternal metabolite levels, both
fasting and following a glucose load, with newborn measures of adiposity. Furthermore,
most earlier studies included cohorts that were relatively small and from a homogenous
ancestral background. The larger and multi-ancestry HAPO cohort provided greater power
and the ability to detect associations that were common across ancestry groups and not
limited to a single ancestry group. A Dutch cohort of 976 mother–newborn dyads examined
the association of maternal nonfasting metabolites at approximately 12.8 weeks gestation
with fetal growth from first trimester onward [24]. Few maternal metabolites associated
with infant anthropometrics at birth were identified, suggesting that maternal metabolites
present later in gestation have a larger impact on fetal adiposity and/or that a larger
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cohort was needed to detect significant associations. A study of 940 mother–offspring
pairs of Asian ancestry that examined the association of fasting maternal metabolites
at 28 weeks of gestation with newborn adiposity identified 28 metabolites associated
with newborn SSF independent of maternal BMI [25]. Interestingly, the study reported
inverse associations between maternal plasma levels of amino acid-related metabolites and
newborn SSF, which is different from our finding of a positive association of maternal amino
acids with newborn adiposity. This incongruity may be due to differences in cohort size
or differences in metabolite associations and body composition amongst ancestry groups.
Compared to the earlier studies, the HAPO cohort was larger, and the relationship between
maternal metabolites and newborn adiposity both fasting and following a glucose load
was examined, providing insight into two different physiologic states. A separate multi-
national cohort of 3598 mother–newborn pairs assessed the relationship between maternal
metabolite levels at approximately 13 weeks of gestation and fetal growth trajectories
during pregnancy categorized into early accelerating growth, late accelerating growth,
faltering growth, and median growth tracking [26]. Numerous metabolites had a positive
or negative association with fetal growth trajectories, further suggesting that the maternal
metabolome greatly impacts fetal growth, although maternal BMI and glycemia were not
accounted for in those analyses.

The relationship between fasting maternal triglycerides and newborn size independent
of maternal BMI and glucose has been previously described [27–29]. The present study
confirmed our previous finding of an association of maternal fasting and 1 h triglycerides
with birthweight and SSF [14], while also demonstrating an association of both fasting
and 1 h triglycerides with cord C-peptide. In a Chinese cohort of 5695 pregnant women,
second and third trimester triglyceride levels were predictors of large-for-gestational-age
infants [30]. A separate study assessed the correlation between fasting and postprandial
maternal triglycerides at 14–16 weeks and 26–28 weeks of gestation with newborn per-
cent body fat. In obese mothers, postprandial triglycerides demonstrated the strongest
association with newborn percent fat, while in normal-weight mothers, the increase in
triglycerides from early to mid-pregnancy demonstrated the strongest association with
percent body fat at birth [31]. Our findings together with the results of these earlier studies
suggest that maternal fuels beyond glucose contribute to excess fetal adiposity.

Consistent with our previous finding of an association of maternal BCAAs with
newborn phenotypes, we demonstrated association of 1 h maternal leucine/isoleucine
with SSF and 1 h maternal valine with cord C-peptide and SSF following adjustment for
maternal BMI and glucose. Few studies beyond ours have examined the relationship
between maternal BCAA levels and fetal growth, but the relationship between nutritional
BCAA content and postnatal growth has been examined. Prior studies have suggested that
circulating BCAAs promote growth by stimulating insulin and insulin-like growth factor
(IGF-1) secretion [32,33]. Insulin and IGF-1 can modulate growth through activation of
the mammalian target of rapamycin (mTOR) pathway. BCAAs can also activate mTOR
through a pathway independent of insulin [34]. It is hypothesized that regulation of the
mTOR pathway controls metabolism, bodyweight, and body composition [35,36]. Our
finding that maternal BCAA levels are associated with SSF independent of maternal BMI
and glucose is consistent with a model in which BCAAs crossing the placenta promote
fetal growth through activation of the mTOR pathway. This model is also supported by our
previous study demonstrating a positive association between leucine/isoleucine levels in
cord blood and birthweight independent of glucose and BMI [14].

Higher proline levels have been detected in individuals with insulin resistance, obesity,
and type 2 diabetes [37]. In the present study, after adjustment for BMI and glucose, 1 h ma-
ternal proline was associated with SSF and birthweight, while 1 h maternal hydroxyproline,
a metabolite of proline, was associated with SSF in the fully adjusted model. Greater proline
availability in the maternal plasma of pigs and sheep increases concentrations of proline
and polyamines in the placenta and fetal fluids and promotes fetal growth [38]. Proline is a
major building block for polyamines, which play a key role in cell proliferation, growth,
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and differentiation. Previous studies have demonstrated a significant effect of polyamines
on fetal development [39]. Together with our findings, these studies suggest that higher
levels of maternal proline promote fetal growth and contribute to fetal adiposity.

Acylcarnitine levels change throughout pregnancy reflecting altering metabolic re-
quirements [40]. One study that examined associations of 28 acylcarnitines across gestation
with newborn adiposity measures including birthweight and SSF determined that levels of
C12, C14, C14:1 at gestational weeks 15–26, C6 at gestational weeks 23–31, and C4 and C16
at gestational weeks 33–39 were inversely associated with birthweight [41]. These findings
are consistent with the present study, in which multiple maternal long-chain acylcarnitines
were inversely associated with birthweight and SSF, both fasting and 1 h after a glucose
load, following adjustment for BMI and maternal glucose. The greater number of associ-
ations between maternal acylcarnitines and newborn adiposity identified in the HAPO
Study likely reflected increased power secondary to the larger cohort.

We noted the inverse associations between 1,5-anhydroglucitol (1,5-AG) and both
birthweight and SSF. Depletion of circulating 1,5-AG, a sugar alcohol found in many foods
of botanical origin, marks recent hyperglycemic events severe enough to have triggered
glycosuria [42]. Previously, it was noted that 1,5-AG levels are inversely associated with
1 h but not fasting glucose levels during an OGTT to diagnose GDM [43]. These observa-
tions are consistent with our finding that maternal 1,5-AG was inversely associated with
birthweight and newborn SSF.

Finally, consistent with the findings reported in this study, we previously demon-
strated that maternal metabolites beyond glucose contribute to newborn birthweight and
SSF [17]. Previous studies have demonstrated that pharmacologic treatment decreases
the frequency of but does not completely prevent the short-term adverse maternal and
newborn outcomes associated with GDM [44–48]. The impact of treatment of GDM on the
maternal metabolome and adverse pregnancy outcomes has not been specifically exam-
ined, but previous studies have suggested that differences in the maternal metabolome
persist despite pharmacologic treatment of GDM. White et al. examined the metabolome
in obese women with GDM treated with insulin or metformin [49]. After ~7 weeks of
treatment, both metformin and insulin improved the metabolic profile but differences in
lipids and amino acids persisted compared to women without GDM. Similarly, Mokkala
et al. examined overweight or obese women and compared the metabolome of women
treated with insulin or metformin vs. diet only [50]. Treatment with metformin or insulin
resolved differences in glucose between the pharmacologic treatment vs. diet treatment
only groups; however, differences in 75 lipid variables, including triglycerides, total lipids
and size of VLDL particles, as well as leucine and isoleucine were still present in women
treated with metformin or insulin compared to diet alone. Our earlier and current results
together with the previous studies described above may explain, in part, the inability of
treatment to fully prevent the adverse outcomes associated with GDM.

The large, multi-ancestry HAPO cohort is a strength of this study, as it enabled
identification of metabolite associations that are shared across ancestries. Use of SSF as
a measure of newborn adiposity is also a strength, since SSF more accurately reflects
adiposity than birthweight or ponderal index [51,52]. The availability of metabolite levels,
both fasting and 1 h after a glucose load, allowed for examination of associations in two
different metabolic states. A limitation of the study is an inability to monitor maternal
metabolite levels at different time points during pregnancy, since our metabolite levels were
taken at one time point, at approximately 28 weeks of gestation. Studies have suggested
that fluctuations in metabolite levels during gestation may modulate fetal growth [53].
Furthermore, metabolites are impacted by multiple environmental factors (e.g., diet), many
of which likely differed across field centers and could not be accounted for in the present
study. However, the present study demonstrated that multiple maternal metabolites
are significantly associated with newborn phenotypes across different environments and
ancestry groups due to common physiologic, genetic and/or environmental factors.
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Maternal metabolites during pregnancy, both fasting and 1 h post glucose load, were
significantly associated with newborn adiposity and cord C-peptide after adjusting for
maternal BMI and glucose. Maternal levels of triglycerides, amino acids, and acylcarnitines
and their metabolites may impact fetal growth, adiposity, and insulin resistance. Further
evaluation is needed to determine the mechanisms by which metabolites affect fetal growth
as well as the impact of metabolite changes throughout gestation on adiposity.

Author Contributions: Conceptualization, B.G., D.M.S. and W.L.L.J.; methodology, A.K, D.M.S.,
J.R.B., M.J.M. and O.R.I.; formal analysis, A.K. and D.M.S.; data curation, A.K.; investigation, J.R.B.,
M.J.M. and O.R.I.; writing—original draft preparation, B.G. and W.L.L.J.; writing—review and editing,
all authors.; supervision, D.M.S. and W.L.L.J.; funding acquisition, W.L.L.J. and D.M.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health, grant number 5R01DK117491.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and designated as exempt by the Institutional Review Board of Northwestern University.

Informed Consent Statement: Patient consent was waived since the study used existing de-identified
phenotype data and de-identified biological samples.

Data Availability Statement: The data presented in this study are available on request from the corre-
sponding author. Metabolomic data and codes used for analyses will be made available by the authors
on request. Data will soon be publicly available through the Northwestern University DigitalHub.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hales, C.M.; Fryar, C.D.; Carroll, M.D.; Freedman, D.S.; Ogden, C.L. Trends in Obesity and Severe Obesity Prevalence in US

Youth and Adults by Sex and Age, 2007–2008 to 2015–2016. JAMA 2018, 319, 1723–1725. [CrossRef]
2. Josefson, J.L.; Scholtens, D.M.; Kuang, A.; Catalano, P.M.; Lowe, L.P.; Dyer, A.R.; Petito, L.C.; Lowe, W.L., Jr.; Metzger, B.E.

Newborn Adiposity and Cord Blood C-Peptide as Mediators of the Maternal Metabolic Environment and Childhood Adiposity.
Diabetes Care 2021, 44, 1194–1202. [CrossRef]

3. Kumar, S.; Kelly, A.S. Review of Childhood Obesity: From Epidemiology, Etiology, and Comorbidities to Clinical Assessment and
Treatment. Mayo Clin. Proc. 2017, 92, 251–265. [CrossRef]

4. Hadden, D.R.; McLaughlin, C. Normal and abnormal maternal metabolism during pregnancy. Semin. Fetal. Neonatal. Med. 2009,
14, 66–71. [CrossRef]

5. Chen, Q.; Francis, E.; Hu, G.; Chen, L. Metabolomic profiling of women with gestational diabetes mellitus and their offspring:
Review of metabolomics studies. J. Diabetes Complicat. 2018, 32, 512–523. [CrossRef]

6. Holmes, E.; Wilson, I.D.; Nicholson, J.K. Metabolic phenotyping in health and disease. Cell 2008, 134, 714–717. [CrossRef]
7. Suhre, K.; Gieger, C. Genetic variation in metabolic phenotypes: Study designs and applications. Nat. Rev. Genet. 2012, 13,

759–769. [CrossRef]
8. Josefson, J.L.; Catalano, P.M.; Lowe, W.L.; Scholtens, D.M.; Kuang, A.; Dyer, A.R.; Lowe, L.P.; Metzger, B.E. The Joint Associations

of Maternal BMI and Glycemia with Childhood Adiposity. J. Clin. Endocrinol. Metab. 2020, 105, 2177–2188. [CrossRef]
9. Catalano, P.M.; Shankar, K. Obesity and pregnancy: Mechanisms of short term and long term adverse consequences for mother

and child. BMJ 2017, 356, j1. [CrossRef]
10. Dabelea, D.; Crume, T. Maternal environment and the transgenerational cycle of obesity and diabetes. Diabetes 2011, 60, 1849–1855.

[CrossRef]
11. Catalano, P.M.; McIntyre, H.D.; Cruickshank, J.K.; McCance, D.R.; Dyer, A.R.; Metzger, B.E.; Lowe, L.P.; Trimble, E.R.; Coustan,

D.R.; Hadden, D.R.; et al. The hyperglycemia and adverse pregnancy outcome study: Associations of GDM and obesity with
pregnancy outcomes. Diabetes Care 2012, 35, 780–786. [CrossRef]

12. Lowe, W.L., Jr.; Scholtens, D.M.; Lowe, L.P.; Kuang, A.; Nodzenski, M.; Talbot, O.; Catalano, P.M.; Linder, B.; Brickman, W.J.;
Clayton, P.; et al. Association of Gestational Diabetes with Maternal Disorders of Glucose Metabolism and Childhood Adiposity.
JAMA 2018, 320, 1005–1016. [CrossRef]

13. Jacob, S.; Nodzenski, M.; Reisetter, A.C.; Bain, J.R.; Muehlbauer, M.J.; Stevens, R.D.; Ilkayeva, O.R.; Lowe, L.P.; Metzger, B.E.;
Newgard, C.B.; et al. Targeted Metabolomics Demonstrates Distinct and Overlapping Maternal Metabolites Associated With BMI,
Glucose, and Insulin Sensitivity During Pregnancy Across Four Ancestry Groups. Diabetes Care 2017, 40, 911–919. [CrossRef]

14. Kadakia, R.; Nodzenski, M.; Talbot, O.; Kuang, A.; Bain, J.R.; Muehlbauer, M.J.; Stevens, R.D.; Ilkayeva, O.R.; O’Neal, S.K.;
Lowe, L.P.; et al. Maternal metabolites during pregnancy are associated with newborn outcomes and hyperinsulinaemia across
ancestries. Diabetologia 2019, 62, 473–484. [CrossRef]

15. The Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study. Int. J. Gynaecol. Obstet. 2002, 78, 69–77. [CrossRef]

http://doi.org/10.1001/jama.2018.3060
http://doi.org/10.2337/dc20-2398
http://doi.org/10.1016/j.mayocp.2016.09.017
http://doi.org/10.1016/j.siny.2008.09.004
http://doi.org/10.1016/j.jdiacomp.2018.01.007
http://doi.org/10.1016/j.cell.2008.08.026
http://doi.org/10.1038/nrg3314
http://doi.org/10.1210/clinem/dgaa180
http://doi.org/10.1136/bmj.j1
http://doi.org/10.2337/db11-0400
http://doi.org/10.2337/dc11-1790
http://doi.org/10.1001/jama.2018.11628
http://doi.org/10.2337/dc16-2453
http://doi.org/10.1007/s00125-018-4781-1
http://doi.org/10.1016/S0020-7292(02)00092-9


Metabolites 2023, 13, 505 17 of 18

16. Metzger, B.E.; Lowe, L.P.; Dyer, A.R.; Trimble, E.R.; Chaovarindr, U.; Coustan, D.R.; Hadden, D.R.; McCance, D.R.; Hod, M.;
McIntyre, H.D.; et al. Hyperglycemia and adverse pregnancy outcomes. N. Engl. J. Med. 2008, 358, 1991–2002.

17. Scholtens, D.M.; Bain, J.R.; Reisetter, A.C.; Muehlbauer, M.J.; Nodzenski, M.; Stevens, R.D.; Ilkayeva, O.; Lowe, L.P.; Metzger, B.E.;
Newgard, C.B.; et al. Metabolic Networks and Metabolites Underlie Associations Between Maternal Glucose during Pregnancy
and Newborn Size at Birth. Diabetes 2016, 65, 2039–2050. [CrossRef]

18. Scholtens, D.M.; Muehlbauer, M.J.; Daya, N.R.; Stevens, R.D.; Dyer, A.R.; Lowe, L.P.; Metzger, B.E.; Newgard, C.B.; Bain, J.R.;
Lowe, W.L., Jr.; et al. Metabolomics reveals broad-scale metabolic perturbations in hyperglycemic mothers during pregnancy.
Diabetes Care 2014, 37, 158–166. [CrossRef]

19. Nodzenski, M.; Muehlbauer, M.J.; Bain, J.R.; Reisetter, A.C.; Lowe, W.L., Jr.; Scholtens, D.M. Metabomxtr: An R package for
mixture-model analysis of non-targeted metabolomics data. Bioinformatics 2014, 30, 3287–3288. [CrossRef]

20. Hayes, M.G.; Urbanek, M.; Hivert, M.F.; Armstrong, L.L.; Morrison, J.; Guo, C.; Lowe, L.P.; Scheftner, D.A.; Pluzhnikov, A.; Levine,
D.M.; et al. Identification of HKDC1 and BACE2 as Genes Influencing Glycemic Traits During Pregnancy through Genome-Wide
Association Studies. Diabetes 2013, 62, 3282–3291. [CrossRef]

21. Friedman, J.; Hastie, T.; Tibshirani, R. Sparse inverse covariance estimation with the graphical lasso. Biostatistics 2008, 9, 432–441.
[CrossRef]

22. Zhao, T.; Liu, H.; Roeder, K.; Lafferty, J.; Wasserman, L. The huge Package for High-dimensional Undirected Graph Estimation in
R. J. Mach. Learn. Res. 2012, 13, 1059–1062.

23. Reichardt, J.; Bornholdt, S. Statistical mechanics of community detection. Phys. Rev. E Stat. Nonlinear Soft Matter Phys. 2006, 74,
016110. [CrossRef]

24. Wahab, R.J.; Jaddoe, V.W.V.; Voerman, E.; Ruijter, G.J.G.; Felix, J.F.; Marchioro, L.; Uhl, O.; Shokry, E.; Koletzko, B.; Gaillard, R.
Maternal Body Mass Index, Early-Pregnancy Metabolite Profile, and Birthweight. J. Clin. Endocrinol. Metab. 2022, 107, e315–e327.
[CrossRef]

25. Chia, A.R.; de Seymour, J.V.; Wong, G.; Sulek, K.; Han, T.L.; McKenzie, E.J.; Aris, I.M.; Godfrey, K.M.; Yap, F.; Tan, K.H.; et al.
Maternal plasma metabolic markers of neonatal adiposity and associated maternal characteristics: The GUSTO study. Sci. Rep.
2020, 10, 9422. [CrossRef]

26. Villar, J.; Ochieng, R.; Gunier, R.B.; Papageorghiou, A.T.; Rauch, S.; McGready, R.; Gauglitz, J.M.; Barros, F.C.; Vatish, M.;
Fernandes, M.; et al. Association between fetal abdominal growth trajectories, maternal metabolite signatures early in pregnancy,
and childhood growth and adiposity: Prospective observational multinational INTERBIO-21st fetal study. Lancet Diabetes
Endocrinol. 2022, 10, 710–719. [CrossRef]

27. Di Cianni, G.; Miccoli, R.; Volpe, L.; Lencioni, C.; Ghio, A.; Giovannitti, M.G.; Cuccuru, I.; Pellegrini, G.; Chatzianagnostou, K.;
Boldrini, A.; et al. Maternal triglyceride levels and newborn weight in pregnant women with normal glucose tolerance. Diabet.
Med. 2005, 22, 21–25. [CrossRef]

28. Hashemipour, S.; Haji Seidjavadi, E.; Maleki, F.; Esmailzadehha, N.; Movahed, F.; Yazdi, Z. Level of maternal triglycerides is
a predictor of fetal macrosomia in non-obese pregnant women with gestational diabetes mellitus. Pediatr. Neonatol. 2018, 59,
567–572. [CrossRef]

29. Samsuddin, S.; Arumugam, P.A.; Md Amin, M.S.; Yahya, A.; Musa, N.; Lim, L.L.; Paramasivam, S.S.; Ratnasingam, J.; Ibrahim,
L.; Chooi, K.C.; et al. Maternal lipids are associated with newborn adiposity, independent of GDM status, obesity and insulin
resistance: A prospective observational cohort study. BJOG 2020, 127, 490–499. [CrossRef]

30. Xi, F.; Chen, H.; Chen, Q.; Chen, D.; Chen, Y.; Sagnelli, M.; Chen, G.; Zhao, B.; Luo, Q. Second-trimester and third-trimester
maternal lipid profiles significantly correlated to LGA and macrosomia. Arch. Gynecol. Obstet. 2021, 304, 885–894. [CrossRef]

31. Barbour, L.A.; Farabi, S.S.; Friedman, J.E.; Hirsch, N.M.; Reece, M.S.; Van Pelt, R.E.; Hernandez, T.L. Postprandial Triglycerides
Predict Newborn Fat More Strongly than Glucose in Women with Obesity in Early Pregnancy. Obesity (Silver Spring) 2018, 26,
1347–1356. [CrossRef] [PubMed]

32. Jousse, C.; Bruhat, A.; Ferrara, M.; Fafournoux, P. Physiological concentration of amino acids regulates insulin-like-growth-factor-
binding protein 1 expression. Biochem. J. 1998, 334, 147–153. [CrossRef] [PubMed]

33. Yoon, M.S. The Emerging Role of Branched-Chain Amino Acids in Insulin Resistance and Metabolism. Nutrients 2016, 8, 405.
[CrossRef]

34. Yoon, M.S. The Role of Mammalian Target of Rapamycin (mTOR) in Insulin Signaling. Nutrients 2017, 9, 1176. [CrossRef]
[PubMed]

35. Muta, K.; Morgan, D.A.; Rahmouni, K. The role of hypothalamic mTORC1 signaling in insulin regulation of food intake, body
weight, and sympathetic nerve activity in male mice. Endocrinology 2015, 156, 1398–1407. [CrossRef]

36. Zoncu, R.; Efeyan, A.; Sabatini, D.M. mTOR: From growth signal integration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell
Biol. 2011, 12, 21–35. [CrossRef]

37. Liu, Z.; Jeppesen, P.B.; Gregersen, S.; Bach Larsen, L.; Hermansen, K. Chronic Exposure to Proline Causes Aminoacidotoxicity
and Impaired Beta-Cell Function: Studies In Vitro. Rev. Diabet. Stud. 2016, 13, 66–78. [CrossRef]

38. Wu, G.; Bazer, F.W.; Datta, S.; Johnson, G.A.; Li, P.; Satterfield, M.C.; Spencer, T.E. Proline metabolism in the conceptus:
Implications for fetal growth and development. Amino Acids 2008, 35, 691–702. [CrossRef]

39. Hussain, T.; Tan, B.; Ren, W.; Rahu, N.; Kalhoro, D.H.; Yin, Y. Exploring polyamines: Functions in embryo/fetal development.
Anim. Nutr. 2017, 3, 7–10. [CrossRef]

http://doi.org/10.2337/db15-1748
http://doi.org/10.2337/dc13-0989
http://doi.org/10.1093/bioinformatics/btu509
http://doi.org/10.2337/db12-1692
http://doi.org/10.1093/biostatistics/kxm045
http://doi.org/10.1103/PhysRevE.74.016110
http://doi.org/10.1210/clinem/dgab596
http://doi.org/10.1038/s41598-020-66026-5
http://doi.org/10.1016/S2213-8587(22)00215-7
http://doi.org/10.1111/j.1464-5491.2004.01336.x
http://doi.org/10.1016/j.pedneo.2018.01.008
http://doi.org/10.1111/1471-0528.16031
http://doi.org/10.1007/s00404-021-06010-0
http://doi.org/10.1002/oby.22246
http://www.ncbi.nlm.nih.gov/pubmed/29931812
http://doi.org/10.1042/bj3340147
http://www.ncbi.nlm.nih.gov/pubmed/9693114
http://doi.org/10.3390/nu8070405
http://doi.org/10.3390/nu9111176
http://www.ncbi.nlm.nih.gov/pubmed/29077002
http://doi.org/10.1210/en.2014-1660
http://doi.org/10.1038/nrm3025
http://doi.org/10.1900/RDS.2016.13.66
http://doi.org/10.1007/s00726-008-0052-7
http://doi.org/10.1016/j.aninu.2016.12.002


Metabolites 2023, 13, 505 18 of 18

40. Ryckman, K.K.; Berberich, S.L.; Dagle, J.M. Predicting gestational age using neonatal metabolic markers. Am. J. Obstet. Gynecol.
2016, 214, 515.e1–515.e13. [CrossRef]

41. Song, Y.; Lyu, C.; Li, M.; Rahman, M.L.; Chen, Z.; Zhu, Y.; Hinkle, S.N.; Chen, L.; Mitro, S.D.; Li, L.J.; et al. Plasma Acylcarnitines
during Pregnancy and Neonatal Anthropometry: A Longitudinal Study in a Multiracial Cohort. Metabolites 2021, 11, 885.
[CrossRef] [PubMed]

42. Lee, J.E. Alternative biomarkers for assessing glycemic control in diabetes: Fructosamine, glycated albumin, and 1,5-
anhydroglucitol. Ann. Pediatr. Endocrinol. Metab. 2015, 20, 74–78. [CrossRef] [PubMed]

43. Saglam, B.; Uysal, S.; Sozdinler, S.; Dogan, O.E.; Onvural, B. Diagnostic value of glycemic markers HbA1c, 1,5-anhydroglucitol
and glycated albumin in evaluating gestational diabetes mellitus. Ther. Adv. Endocrinol. Metab. 2017, 8, 161–167. [CrossRef]

44. Crowther, C.A.; Hiller, J.E.; Moss, J.R.; McPhee, A.J.; Jeffries, W.S.; Robinson, J.S.; Australian Carbohydrate Intolerance Study in
Pregnant Women Trial Group. Effect of treatment of gestational diabetes mellitus on pregnancy outcomes. N. Engl. J. Med. 2005,
352, 2477–2486. [CrossRef]

45. Hartling, L.; Dryden, D.M.; Guthrie, A.; Muise, M.; Vandermeer, B.; Donovan, L. Benefits and harms of treating gestational
diabetes mellitus: A systematic review and meta-analysis for the U.S. Preventive Services Task Force and the National Institutes
of Health Office of Medical Applications of Research. Ann. Intern. Med. 2013, 159, 123–129. [CrossRef] [PubMed]

46. Landon, M.B. Is there a benefit to the treatment of mild gestational diabetes mellitus? Am. J. Obstet. Gynecol. 2010, 202, 649–653.
[CrossRef]

47. Landon, M.B.; Spong, C.Y.; Thom, E.; Carpenter, M.W.; Ramin, S.M.; Casey, B.; Wapner, R.J.; Varner, M.W.; Rouse, D.J.; Thorp,
J.M., Jr.; et al. A multicenter, randomized trial of treatment for mild gestational diabetes. N. Engl. J. Med. 2009, 361, 1339–1348.
[CrossRef]

48. Vaarasmaki, M. Is it worth treating gestational diabetes: If so, when and how? Diabetologia 2016, 59, 1391–1395. [CrossRef]
49. White, S.L.; Begum, S.; Vieira, M.C.; Seed, P.; Lawlor, D.L.; Sattar, N.; Nelson, S.M.; Welsh, P.; Pasupathy, D.; Poston, L.; et al.

Metabolic phenotyping by treatment modality in obese women with gestational diabetes suggests diverse pathophysiology: An
exploratory study. PLoS ONE 2020, 15, e0230658. [CrossRef]

50. Mokkala, K.; Vahlberg, T.; Houttu, N.; Koivuniemi, E.; Laitinen, K. Distinct Metabolomic Profile Because of Gestational Diabetes
and its Treatment Mode in Women with Overweight and Obesity. Obesity (Silver Spring) 2020, 28, 1637–1644. [CrossRef]

51. Chen, L.W.; Tint, M.T.; Fortier, M.V.; Aris, I.M.; Shek, L.P.; Tan, K.H.; Chan, S.Y.; Gluckman, P.D.; Chong, Y.S.; Godfrey, K.M.; et al.
Which anthropometric measures best reflect neonatal adiposity? Int. J. Obes. (Lond.) 2018, 42, 501–506. [CrossRef]

52. Rodriguez-Cano, A.M.; Mier-Cabrera, J.; Munoz-Manrique, C.; Cardona-Perez, A.; Villalobos-Alcazar, G.; Perichart-Perera, O.
Anthropometric and clinical correlates of fat mass in healthy term infants at 6 months of age. BMC Pediatr. 2019, 19, 60. [CrossRef]

53. Liang, L.; Rasmussen, M.H.; Piening, B.; Shen, X.; Chen, S.; Rost, H.; Snyder, J.K.; Tibshirani, R.; Skotte, L.; Lee, N.C.; et al.
Metabolic Dynamics and Prediction of Gestational Age and Time to Delivery in Pregnant Women. Cell 2020, 181, 1680–1692.e15.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ajog.2015.11.028
http://doi.org/10.3390/metabo11120885
http://www.ncbi.nlm.nih.gov/pubmed/34940643
http://doi.org/10.6065/apem.2015.20.2.74
http://www.ncbi.nlm.nih.gov/pubmed/26191510
http://doi.org/10.1177/2042018817742580
http://doi.org/10.1056/NEJMoa042973
http://doi.org/10.7326/0003-4819-159-2-201307160-00661
http://www.ncbi.nlm.nih.gov/pubmed/23712381
http://doi.org/10.1016/j.ajog.2010.02.006
http://doi.org/10.1056/NEJMoa0902430
http://doi.org/10.1007/s00125-016-3976-6
http://doi.org/10.1371/journal.pone.0230658
http://doi.org/10.1002/oby.22882
http://doi.org/10.1038/ijo.2017.250
http://doi.org/10.1186/s12887-019-1430-x
http://doi.org/10.1016/j.cell.2020.05.002

	Introduction 
	Materials and Methods 
	Data and Sample Collection 
	Conventional Metabolites and Targeted Metabolomics Assays 
	Untargeted Metabolite Analyses 
	Statistical Analyses 

	Results 
	Study Population 
	Associations of Maternal Metabolites with Newborn Phenotypes 
	Network Analyses 

	Discussion 
	References

