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Abstract

Aims/hypothesis Maternal obesity increases the risk for large-
for-gestational-age birth and excess newborn adiposity, which
are associated with adverse long-term metabolic outcomes in
offspring, probably due to effects mediated through the intra-
uterine environment. We aimed to characterise the maternal
metabolic milieu associated with maternal BMI and its rela-
tionship to newborn birthweight and adiposity.

Methods Fasting and 1 h serum samples were collected from
400 European-ancestry mothers in the Hyperglycaemia and
Adverse Pregnancy Outcome Study who underwent an
OGTT at ~28 weeks gestation and whose offspring had an-
thropometric measurements at birth. Metabolomics assays
were performed using biochemical analyses of conventional
clinical metabolites, targeted MS-based measurement of ami-
no acids and acylcarnitines and non-targeted GC/MS.
Results Per-metabolite analyses demonstrated broad associa-
tions with maternal BMI at fasting and 1 h for lipids, amino
acids and their metabolites together with carbohydrates and
organic acids. Similar metabolite classes were associated with
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insulin resistance with unique associations including
branched-chain amino acids. Pathway analyses indicated
overlapping and unique associations with maternal BMI and
insulin resistance. Network analyses demonstrated collective
associations of maternal metabolite subnetworks with mater-
nal BMI and newborn size and adiposity, including commu-
nities of acylcarnitines, lipids and related metabolites, and
carbohydrates and organic acids. Random forest analyses
demonstrated contribution of lipids and lipid-related metabo-
lites to the association of maternal BMI with newborn
outcomes.

Conclusions/interpretation Higher maternal BMI and insulin
resistance are associated with broad-based changes in mater-
nal metabolites, with lipids and lipid-related metabolites ac-
counting, in part, for the association of maternal BMI with
newborn size at birth.

Keywords Fetal growth - Maternal BMI - Maternal insulin
resistance - Maternal metabolism - Pregnancy
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Introduction

More than one-third of women of reproductive age in the
United States are obese, which has serious implications for
pregnancy and newborn outcomes [1-3]. Maternal obesity is
a risk factor for large-for-gestational-age birth, excess new-
born adiposity and adverse long-term metabolic outcomes in
offspring [4-7]. Although maternal obesity is associated with
higher maternal glucose and gestational diabetes mellitus
(GDM) risk, its association with newborn size at birth is, in
part, independent of maternal glycaemia [1, 4, 8, 9].

Despite this well-established association between maternal
obesity and newborn size at birth and a recent study suggest-
ing a causal relationship between these phenotypes [10],
mechanisms underlying this association are poorly defined.
To address metabolic linkages between maternal BMI and
offspring phenotypes, we characterised the maternal metabol-
ic milieu associated with maternal BMI and its relationship to
newborn birthweight (BW) and adiposity.

Study design
Participants

We studied 400 mother—offspring dyads of European ancestry
from the Hyperglycaemia and Adverse Pregnancy Outcome
(HAPO) study. Maternal BMI and glucose, and newborn BW
and sum of skinfolds (SSF) spanned the range observed in
HAPO [11]. Participants were from the Belfast, UK, and
Brisbane and Newcastle, Australia, HAPO field centres, sites
used for other HAPO ‘omics’ investigations [12—14], and in-
cluded only non-smokers and non-drinkers during pregnancy.
All HAPO participants gave informed consent, and all inves-
tigations were approved by ethics committees at the partici-
pating sites.

Data and sample collection

HAPO methods were described previously [11, 15]. Eligible
women underwent a 75 g OGTT at 24-32 weeks gestation
after an overnight fast of at least 8 h. Fasting (FPG) and 1 h
plasma glucose were measured, and fasting and 1 h serum
samples were stored at —80°C until the metabolomics assays.
Insulin sensitivity was estimated using a previously described
formula with a modified numerator for scaling [16, 17].
Maternal height and weight were measured at the OGTT
study visit. Newborn BW and SSF (sum of flank, triceps and
subscapular skinfolds) were measured using standard proce-
dures and calibrated equipment within 72 h of delivery.
Gestational age was determined as described [11, 15].
Demographic characteristics, age, parity and self-identified
ethnicity were collected via questionnaire. Participants,

caregivers and HAPO staff remained blinded to glucose
values unless levels exceeded predefined criteria.
‘Unblinded’ participants were excluded since participants
were medically treated as necessary.

Conventional metabolite and targeted and non-targeted
metabolomics assays

Conventional metabolites were measured as described [13,
17]. Targeted assays of amino acids and acylcarnitines were
performed using stable-isotope-labelled internal standards on
an Acquity TQD Triple Quadrupole system (Waters
Corporation, Milford, MA, USA) [17]. In total, 63 conven-
tional and targeted metabolites were analysed.

Non-targeted assays were performed as described [13, 17].
Methanol, the extraction solvent, was spiked with a retention-
time-locked (RTL) internal standard of perdeuterated myristic
acid. Extracts were prepared for GC/MS by methoximation
and trimethylsilylation [17, 18], and run on a 6890N GC-5975
Inert MS (Agilent Technologies, Santa Clara, CA, USA).
Peaks were deconvoluted with AMDIS freeware [19], and
parsed against the Fiehn RTL spectral library [18] with addi-
tions from our laboratory. Manual curation included identify-
ing co-eluting groups of isomeric metabolites and selecting
reliable peaks [17]. Detected peak areas were log,-trans-
formed for analysis. In total, 76 GC/MS metabolites not
assayed using targeted approaches were used for data analysis.

Fasting and 1 h maternal serum sample pairs were batched for
GC/MS. Batches of equal size were run over 50 days and bal-
anced by field centre, maternal glucose and BMI, and newborn
outcomes. Quality control (QC) pools were constructed using
equal volumes from all maternal samples, prepared for analysis
as described above, and injected as first, middle and last samples
of each GC/MS run. To control technical variability, GC/MS
data were normalised using the metabomxtr R package [20].
Variations in metabolite levels due to batch and run order iden-
tified using QC data were subtracted from analytical sample data
to control for technical noise as described [13].

Statistical analysis

Associations between maternal BMI and maternal fasting and
1 h metabolites were evaluated using per-metabolite linear
models with metabolites as outcomes and BMI or estimated
insulin sensitivity as main predictors. For GC/MS metabolites
undetectable in >10% of samples, mixture models were used to
jointly model quantified metabolite abundance with detectabil-
ity of the metabolite in a sample or lack thereof [13, 20].
Covariate adjustments were investigated with Model 0 includ-
ing field centre, gestational age, maternal age and mean arterial
pressure at OGTT, newborn sex and sample storage time.
Model 1 included Model O covariates and glucose at fasting
or 1 h corresponding to metabolite measurement. Model 2
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included Model 0 covariates and insulin sensitivity. Similar
analyses were conducted to identify associations between ma-
ternal insulin sensitivity and maternal fasting and 1 h metabo-
lites. Model 0 included the same covariates as Model 0 in BMI
analyses, while Model 1 additionally included maternal BML
Beta estimates and, for linear models, partial correlations were
examined across the models for sensitivity to covariate
adjustments.

Per-metabolite linear models were also used to investigate
associations between maternal metabolites as predictors and
newborn SSF and BW outcomes, adjusting for field centre,
newborn sex, gestational age at delivery, maternal age, BMI
and mean arterial pressure at OGTT and sample storage time.
GC/MS metabolites undetectable in >10% of samples were
treated as four categories with one comprised of undetected
values and the others determined by tertiles of observed log,-
peak areas. Associations for the full data set were published
previously [13]. All per-metabolite analyses were adjusted for
multiple comparisons using adaptive Benjamini—Hochberg
false discovery rate (FDR) correction applied separately for
targeted and non-targeted data [21]. FDR-adjusted p values
<0.05 were considered statistically significant.

Pathway analyses were conducted using MetaboAnalyst
3.0 (www.ncbi.nlm.nih.gov/pubmed/25897128, accessed
March—May 2016) with human Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways [22] and quantitative
enrichment ‘globaltest’” methodology [23].

Network analyses were conducted to simultaneously model
metabolite correlations and phenotype associations. As previ-
ously described [13], we constructed partial correlation net-
works for metabolites at fasting and 1 h and identified subnet-
works jointly associated with our phenotypes. The subnetwork
optimisation algorithm we applied used the BioNet R package
[24] and applied node scores based on p values for association
with individual phenotypes and aggregate p values (p,) for
associations with multiple phenotypes [25]. We first identified
subnetworks of maternal fasting and 1 h metabolites associated
with maternal BMI or insulin sensitivity, and then identified
subnetworks jointly associated with maternal BMI and new-
born outcomes. To summarise local connectivity within sub-
networks, spinglass communities, i.e. groups of nodes more
densely connected internally than with the rest of the subnet-
work, were identified using the igraph R package [26, 27].

Random forest analyses, data-driven methods designed for
prediction [28], were conducted to identify maternal metabo-
lites that improved prediction of newborn BW and SSF beyond
maternal BMI and glucose. All random forest analyses were
conducted using the party R package [29]. Overall prediction
accuracy is measured as ‘per cent variation explained’.
Contributions of individual predictors are measured by ‘vari-
able importance’ using a conditional permutation scheme for
correlated predictors. Variable importance greater (less) than 0
suggests an increase (decrease) in prediction accuracy. We
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examined multiple random forest models: MO =maternal glu-
cose, gestational age at delivery, field centre, sample storage
time; M1=MO0+maternal BMI; M2 =M1 + highest scoring
metabolite within N spinglass communities for the subnetwork;
M3 =M1 +N metabolites with lowest p,; M4 =M1 + metabo-
lites with variable importance >0 after running a model includ-
ing all metabolites with p,<0.10. All statistical analyses were
conducted using R 3.2.2.

Results
Study population

Study population characteristics are shown in ESM Table 1.
Mothers spanned the range of maternal BMI and glucose ob-
served in HAPO. Males and females were roughly equally
represented among offspring.

Maternal BMI

Initial analyses examined association of maternal BMI with
fasting or 1 h maternal metabolites using Models 0, 1 and 2
described above.

Lipids and lipid metabolites In FDR-adjusted per-metabolite
analyses, several lipid metabolites were associated with ma-
ternal BMI (Table 1, ESM Fig. 1, ESM Tables 2, 3). The
ketone body 3-hydroxybutyrate and its carnitine ester (C4-
OH) were positively associated with maternal BMI at fasting
and 1 h, as were triacylglycerols and glycerol, although the
associations of triacylglycerols and 1 h glycerol were attenu-
ated after adjusting for insulin sensitivity. More abundant fatty
acid species such as palmitoleate (C16:1) and oleate (C18:1)
were positively associated with maternal BMI at fasting and
1 h, as was y-tocopherol at 1 h. Several less abundant fatty
acids were negatively associated with maternal BMI at fasting,
including saturated fatty acids decanoate (C10:0) and laurate
(C12:0) as well as methyl linoleate, a polyunsaturated n-6
fatty acid. The n-3 fatty acid, docosahexaenoate (C22:6),
was negatively associated with maternal BMI both fasting
and 1 h post-glucose. Numerous acylcarnitines were positive-
ly associated with maternal BMI at fasting and/or 1 h, includ-
ing the carnitine esters of palmitoleate and oleate, as well as
expected oxidation by-products of these monounsaturated
species (C10:1 to C14:1). The carnitine esters of additional
polyunsaturated fatty acids were also positively associated
with maternal BMI.

Amino acids and metabolites Multiple amino acids were
associated with maternal BMI after FDR adjustment
(Table 1, ESM Fig. 1, ESM Tables 2, 3). Arginine, aspara-
gine/aspartate, glutamine/glutamate and phenylalanine were


http://www.ncbi.nlm.nih.gov/pubmed/25897128

Diabetologia (2017) 60:518-530 521
Table 1  Associations between maternal metabolites and maternal BMI
Metabolite Maternal fasting metabolites Maternal 1 h metabolites
Model 0 Model 1 Model 2 Model 0 Model 1 Model 2
P p B p B p B p B p P p
Conventional metabolites
3-Hydroxybutyrate + 32x107% 4 1.0x107% 4+ 1.8x107% + 1.5x107"* 4+ 19x107'% + 69x1077*
Glycerol + 72x107* 4+ 0.0001%* + 0.0037%  + 0.0049% + 0.016% + 076
NEFA + 027 + 0.092 + 025 + 0.034% + 0.15 + 0.59
Triacylglycerols + 0.0030% + 0.020% + 027 + 0.0007* + 0.0033% + 032
Amino acids (targeted assay)
Arginine + 42x107°* 4+ 0.0005* + 0.029 + 0.0004* + 0.0011* + 0.058
Asparagine/aspartic acid + 1.8x107%% + 0.0004* + 0.0217 + 0.0001%* + 0.0006* + 0.0417
Glutamine/glutamic acid + 26x1071% 4 31x10% 4+ 28x10% + 58x10 "% 4+ 66x1071% 4+ 1.6x107%%
Glycine - 00217 - 0.016% - 0.077 - 0.023% - 0.025" - 013
Leucine/isoleucine + 0.38 + 045 - 0.74 + 0.029* + 0.060 + 0.34
Methionine - 0.0007* —0.0004* - 0.0003* 0.11 - 0074 - 0.060
Phenylalanine + 0.0002% + 0.0020%* + 0.072 + 58x107%* 4+ 0.0002% 0.018"
Valine + 0.19 + 032 + 0.87 + 0.032% 0.033" 0.31
Acylcarnitines (targeted assay)
AC C10 - 0.50 - 0.76 - 052 + 0.019* + 0.060 + 0.091
AC C10:1 + 053 + 050 + 078 + 0.0024% + 0.0079% + 0.0257
AC C10:2 + 0.0207 + 0.023% + 0.18 + 0.0015% + 0.0020% + 0.0074%
AC C10:3 + 0.0004%* + 0.0009% + 0.0014*  + 0.0031%* + 0.0030%* + 0.0040%
AC Cl12:1 + 0.0187 + 0.0043% + 0.0092*% 4 61x107* + 0.0003* + 0.0005*
AC Cl4:1 + 0.061 + 0.013% + 0.029 + 0.0003* + 0.0021%* + 0.0009%
AC Cl14:2 + 023 + 0.12 + 026 + 0.0010%* + 0.0040% + 0.0017*
AC C16-OH/C14-DC + 0.0021%* + 0.0024% + 0.0084*  + 061 + 0.80 - 097
AC Cl6:1 + 0.0017* + 0.0002% + 0.0004*  + 11x107% 4 13x10% 4+ 43x1077*
AC C18:1 + 20x1077% 4+ 76x10°%  + 24x10°% + 23x10% 4 15x107°% 4+ 22x10%*
AC C18:1-OH/C16:1-DC + 0.056 + 0.024% + 0.0447 + 0.0027* + 0.0072% + 0.0018*%
AC C2 + 0.058 + 0.027% + 0.0317 + 0.0035% + 0.010% + 0.018"
AC C4-OH + 99x10% 4+ 3.6x10°% 4+ 63x107%*F + 40x10% + 1.6x107°* + 0.0002*
ACC5 + 0.027 + 0.038" + 051 + 0.0012* + 0.0016* + 00147
AC C8 - 092 + 072 + 0.96 + 0.0070%* + 0.026 + 0.048"
AC C8:1 + 13x107% 4 94x1071% + 23x107% + 77x107"%* 4+ 41x107"* 4+ 1.9x107%%
Carbohydrates (non-targeted GC/MS)
Deoxyhexose - 0.0050%* - 0.011* - 0.0062% - 043 - 041 - 031
Disaccharide - 39x107*% — 6.0x10% — 17x10% — 14x107* 8.7x107% — 43x107*
Erythronic acid/threonic acid — 0.0030%* - 0.011* — 0.0013* - 0.67 - 054 - 042
Glucose and other aldohexoses + 0.0042% + 0.057 + 024 + 0.025" + 033 + 0.92
Myoinositol — 24x10% — 23x10°% — 3.0x10°% — 0.068 - 0.052 - 0.026"
Ribitol and other pentose alcohols - 00197 - 0.013* - 0.0029* + 0.70 + 0.84 - 0.72
Glycolysis/tricarboxylic acids (non-targeted GC/MS)
Glyceric acid - 6.0x107%* — 0.0004* - 0.0004* - 0.012° - 00147 - 0.036"
Fatty acids (non-targeted GC/MS)
Decanoic acid - 94x107*% — 95x10% — 1.6x10°% — 0.15 - 0.11 - 0.0427
Docosahexaenoic acid - 86x107* — 0.0003* - 0.0002% - 0.0021% - 0.0025% - 0.0026*
Lauric acid - 0.0003* — 0.0049% - 0.0019%  + 0.75 + 079 - 072
Methyl linoleate - 0.0029* — 0.0081% - 0.0050%* - 0.019" - 0.024" - 0.067
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Table 1 (continued)

Metabolite Maternal fasting metabolites Maternal 1 h metabolites
Model 0 Model 1 Model 2 Model 0 Model 1 Model 2
B p B p B pr B pr B p B p
Oleic acid + 0.0457 + 0.011% + 0.0227 + 0.0002% + 0.0016* + 0.0147
Palmitoleic acid + 0.027 + 0.0013% + 0.0018%  + 0.0004* + 0.0022% + 0.0007*
Lipids (non-targeted GC/MS)
o-Tocopherol - 00177 - 0.014% - 0.0417 - 0.015" - 0016" - 0.075
~y-Tocopherol + 0.088 + 0.11 + 0.11 + 0.0006* + 0.0011* + 0.0008*
Flavonoid or short-chain cholesteryl ester + 0.0207 + 0.0074% + 0.018" + 0.15 + 017 + 0.059
Amino acids (non-targeted GC/MS)
3-Indoleacetic acid - 0.0091%* - 0.018* - 0.0027% - 042 - 047 - 0.14
3-Indolelactic acid/tryptophan - 0.0080%* - 0.013* - 0.0040% - 0.0010% - 0.0017* - 0.0041%*
Aminomalonic acid - 0.017 - 0.017* - 0.0317 - 046 - 038 - 044
Urea — 31x107% — 34x107°% — 0.0001*  — 0.0058* - o.011f - 0.0197
Other metabolites (non-targeted GC/MS)
p-Cresol - 0.0057* - 0.0022% - 0.0006* - 0.0065% - 00147 - 0.0327
Phosphoric acid + 0.013% + 0.0094% + 0.016" + 0.0009% + 0.0017* + 0.0006*

“FDR-adjusted p < 0.05
TNominal p <0.05

Model 0 adjusted for field centre, gestational age, maternal age and mean arterial pressure at OGTT, newbormn sex and sample storage time. Model 1
included Model 0 covariates and fasting glucose. Model 2 included Model 0 covariates and insulin sensitivity

positively associated with maternal BMI at fasting and 1 h in
Models 0 and 1. Only glutamine/glutamate was positively
associated with BMI in Model 2. Glycine demonstrated a
significant or nominally significant negative association with
maternal BMI at fasting and 1 h in Models 0 and 1 but not
Model 2. Fasting but not 1 h methionine was negatively asso-
ciated with maternal BMI in all three models. The branched-
chain amino acids (BCAAs) leucine/isoleucine and valine
were positively associated with maternal BMI at 1 h but their
association was attenuated after adjusting for glucose or insu-
lin sensitivity. Isovalerylcarnitine (C5), a product of leucine
metabolism, was positively associated with maternal BMI in
Models 0 and 1 at 1 h. Fasting p-cresol, an end-product of
protein breakdown and gut microbial metabolism, and urea, a
product of amino acid metabolism, were negatively associated
with maternal BMI in all models.

Sugars, organic acids and phosphate Multiple sugars and
organic acids were associated with maternal BMI after FDR
adjustment (Table 1, ESM Fig. 1, ESM Tables 2, 3).
Disaccharides were negatively associated with maternal BMI at
fasting and 1 h; glyceric acid was negatively associated only at
fasting. Phosphoric acid was positively associated with maternal
BMI at both time points in all three models. Fasting
deoxyhexose, erythronic acid/threonic acid, ribitol and myoino-
sitol were all negatively associated with maternal BMI at fasting
but not 1 h. Original HAPO glucose measurements, as well as
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the GC/MS peak for glucose and other aldohexoses in Model 0,
confirm a positive association with maternal BMI at fasting and
1 h (data not shown for original HAPO measurements).

Maternal insulin sensitivity

Similar FDR-adjusted per-metabolite associations were exam-
ined with estimated insulin sensitivity. At fasting, BCAAs
and their metabolites, isovalerylcarnitine (C5) and 3-
hydroxyisovalerylcarnitine (C5-OH/C3-DC), were associated
with greater insulin resistance (Table 2, ESM Fig. 2, ESM
Tables 4, 5). Alanine, arginine, asparagine/aspartate, gluta-
mine/glutamate, phenylalanine and proline as well as triacyl-
glycerols, lactate and dihydroxybutanoate, a metabolite of the
short-chain fatty acid butyrate, were also associated with
greater insulin resistance before and after adjusting for BML.
In contrast, glycerol, octenoyl carnitine (C8:1) and
decadienoyl carnitine (C10:2) were associated with maternal
insulin resistance in Model 0 but not Model 1. The only me-
tabolites positively associated with maternal insulin sensitivity
were a long- (C14:1-OH) and medium-chain (C8:1-OH/C6:1-
DC) carnitine ester.

Similar associations were evident at 1 h, except for C14:1-
OH, C8:1-OH/C6:1-DC and C10:2 (Table 2, ESM Fig. 2, ESM
Tables 4, 5). In addition, 1 h NEFA, oleate, 3-hydroxybutyrate
and its carnitine ester C4-OH (in Model 0) were associated with
greater maternal insulin resistance. Furthermore, 1 h
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Table 2 Associations
between maternal me-
tabolites and maternal
insulin sensitivity

Metabolite Maternal fasting metabolites Maternal 1 h metabolites
Model 0 Model 1 Model 0 Model 1
B p B »p B »p B »p

Conventional metabolites

3-Hydroxybutyrate - 0.056 + 099 - 1.0x10%  —  0.0007*

Glycerol - 0.0003* - 0.054 - 18x107Mx - 40x107%*

Lactate - 0.0001* - 0.0002% - 21x107%% - 19x107%

NEFA - 080 + 075 - 58x107%  —  0.0004*

Triacylglycerols - 40x107% - 32x10°% - 22x107'% - 66x10 %
Amino acids (targeted assay)

Alanine - 0.0007* - 0.0002% - 0.0007* - 0.0017%

Arginine - 94x107%% -  66x10°% - 36x107% -  71x107%

Asparagine/aspartic acid - 84x107%% —  68x10% -  15x107% -  41x107%

Glutamine/glutamic acid - 39x10% - 0.0006% - 7.0x107°%  —  0.0003*

Glycine +  0.092 + 041 +  0.029% + 016

Leucine/isoleucine - 0.0025* - 0.0043* - 0.0010* - 0.0083*

Phenylalanine - 20x107%% -  1.8x10% - 10x107% - 7.6x107%

Proline - 21x10%  —  60x10% -  15x107% -  14x10 %

Valine - 0.0019% - 0.0082% - 0.0010* - 0.0147
Acylcarnitines (targeted assay)

AC C10:1 - 030 - 048 - 0.0079* - 015

AC C10:2 - 0.0030% - 0.036" - 0075 - 057

AC C14:1-OH +  0.0075% +  0.0028* + 016 + 0.084

AC C4-OH - 0.058 - 088 - 0.0020%* - 019

AC C4/Ci4 - 017 - 051 - 0.028% - 0.16

AC C5 - 26x107°*  —  0.0005% - 0.0091* - 021

AC C5-DC - 0.070 - 011 - 0.014* - 0.0287

AC C5-OH/C3-DC - 0.0001* - 0.0005% - 0.0037* - 0.017°

AC C8 +  0.69 + 070 - 0.026% - 021

AC C8:1 - 0.0008* - 039 - 0.0009* - 044

AC C8:1-OH/C6:1-DC +  0.017% - 0.076 +  0.062 + 018
Carbohydrates (non-targeted GC/MS)

Dihydroxybutanoic acid - 0.0009* - 62x107°% —  0.0002* - 0.0002*

Fructose or similar ketohexose ~ —  0.0050" - 0.0018% - 16x107°% - 23x107°%

Gluconate - 033 - 013 - LIx107M - 11x10 P

Glucose and other aldohexoses —  3.8x107%  —  0.0002* - 60x107%* -  15x107*

Hexitols - 0.050 - 0078 - 0.0002% - 0.0002%
Fatty acids (non-targeted GC/MS)

Oleic acid + 091 + 028 - 0.0003* - 0.017
Lipids (non-targeted GC/MS)

Campesterol + 0071 + 017 +  0.0050% +  0.034
Other metabolites (non-targeted GC/MS)

O-Methylphosphate - 042 - 024 - 0.0022% - 0.0032%

*FDR-adjusted p <0.05
TNominal p <0.05

Model 0 adjusted for field centre, gestational age, maternal age and mean arterial pressure at OGTT, newborn sex and
sample storage time. Model 1 included Model 0 covariates and maternal BMI
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campesterol, a phytosterol, was associated with greater insulin
sensitivity. Fasting and 1 h dihydroxybutanoate and fructose
were associated with maternal insulin resistance, as were 1 h
gluconate, hexitols and O-methylphosphate.

Pathway analyses

Pathway analyses at fasting and 1 h identified multiple amino
acid, lipid, and sugar and carbohydrate metabolism pathways
with metabolite members jointly associated with maternal
BMI and/or insulin sensitivity (ESM Tables 6, 7). Pathways
associated with maternal BMI and insulin sensitivity over-
lapped in several instances; however, exceptions included
pathways for BCAA degradation and glycolysis or gluconeo-
genesis for insulin resistance only and tryptophan metabolism
and fatty acid biosynthesis for BMI only.

Maternal BMI and insulin sensitivity networks

To complement per-metabolite analyses, network analyses
were performed to identify correlated metabolites demonstrat-
ing joint association with phenotype(s). The subnetwork of
fasting metabolites associated with maternal BMI included
six spinglass communities (i.e. groups of metabolites within
subnetworks more densely connected internally than with the
remaining subnetwork) composed largely of amino acids,
medium-chain acylcarnitines, long-chain acylcarnitines and
lipid metabolites, or mixed metabolites including carbohy-
drates, organic acids and other metabolites (Fig. 1).
Spinglass communities for 1 h metabolites were similar, com-
posed largely of amino acids and their metabolites,
acylcarnitines and lipid-related metabolites, or clusters of
mixed metabolites.

Spinglass communities in the maternal insulin sensitivity
network differed from the BMI network (Fig. 2). A few
medium- and long-chain acylcarnitines and palmitoleate were
positively associated with insulin sensitivity at fasting, while
remaining metabolites were negatively associated. Similar to
non-pregnant populations [30, 31], interconnected communi-
ties of BCAAs and acylcarnitines generated during BCAA
catabolism were associated with insulin resistance. The aro-
matic amino acid phenylalanine together with asparagine/as-
partate, arginine, glutamine/glutamate and proline were also
associated with insulin resistance, as were a community com-
prised largely of sugars and a small community including
triacylglycerols and cholesterol. At 1 h, communities of sugars
and organic acids, amino acids including BCAAs, and lipids
and related metabolites were the major large communities
associated with insulin resistance. A small community includ-
ing lactate and pyruvate and one including organic acids were
also associated with insulin resistance.
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Maternal BMI and newborn outcome networks

Estimated insulin sensitivity in HAPO mothers, in contrast to
maternal BMI [1, 4], was not associated with BW or SSF after
adjusting for BMI (data not shown). Thus, subsequent analy-
ses focused on networks jointly associated with maternal BMI
and newborn outcomes. Networks of fasting metabolites as-
sociated with both maternal BMI and either newborn SSF or
BW were smaller than networks associated with maternal
BMI only but consisted of similar communities of
acylcarnitines and lipid metabolites, amino acids plus triacyl-
glycerols and mixed metabolites (Fig. 3). The 1 h networks
were generally smaller than fasting networks and again
consisted of communities composed largely of acylcarnitines
and fatty acids together with lipids or a mix of metabolites.

Random forest analyses

Random forest analyses were performed to identify maternal
metabolites associated with maternal BMI that may predict
newborn BW and/or SSF (Fig. 4, ESM Tables 8-11). M1,
which included maternal BMI, explained higher overall per
cent variation for both newborn outcomes than M0, which
included maternal glucose and other baseline covariates.
This reflects an independent association of maternal BMI with
newborn size outcomes. The relative contribution of maternal
BMI as a predictor of newborn outcomes (measured by con-
ditional variable importance) decreased in M2, M3 and M4
compared with M1 as additional metabolites were included in
the models (Fig. 4). This decrease suggests that maternal me-
tabolites correlated with maternal BMI account in part for the
association of BMI with these newborn outcomes. In the
fasting state, these include a number of lipid-related metabo-
lites (triacylglycerols, a carnitine ester of 3-hydroxybutyrate,
long-chain acylcarnitines and glycerol-1-phosphate), amino
acids and their metabolites, and organic acids; at 1 h these
include primarily lipids and lipid-related metabolites (triacyl-
glycerols, fatty acids, 3-hydroxybutyrate, and medium- and
long-chain acylcarnitines, among others), amino acid metab-
olites and sugars/alcohols.

Discussion

We examined associations of maternal BMI and insulin resis-
tance with the maternal metabolome using targeted and non-
targeted metabolomics. Metabolomic studies of maternal me-
tabolism during pregnancy have focused largely on normal
pregnancy and GDM [32-38], not maternal BMI, although
biomarkers that may distinguish obese from normal weight
mothers during the first trimester of pregnancy were recently
reported [2]. In the present study, per-metabolite, network,
pathway and random forest analyses demonstrated broad-
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>0.25. Nodes are sized by strength of association, shaded by direction
of association, and coloured by metabolite class (AA, amino acid; AC,

based associations of the maternal metabolome with higher
maternal BMI and insulin resistance.

We found similarities and differences from metabolomic
studies focused on obesity or BMI in non-pregnant populations
[30, 39-42]. Although numerous lipid-related metabolites and
amino acids are associated in both populations, one notable
difference was the absence of association of fasting tyrosine
or BCAA with maternal BMI, while BCAA 1 h after glucose
were associated with BMI only before adjusting for 1 h glucose
or insulin sensitivity. Findings with some lipids and related
metabolites also differed. In non-pregnant populations, 3-
hydroxybutyrate was negatively or not associated with BMI;
fatty acids were generally positively associated. In pregnancy,
3-hydroxybutyrate was positively associated with maternal
BMI while medium- and long-chain fatty acids demonstrated
a mix of negative and positive associations, similar to recently
reported negative and positive associations of long-chain fatty

® Misc.

acylcarnitine; CHO, carbohydrate; FA, fatty acid; GC/TCA, glycolysis/
tricarboxylic acid cycle, Misc., miscellaneous). Grey shading denotes
spinglass communities. These subnetworks indicate correlated metabo-
lites jointly associated with maternal BMI

acids with maternal BMI at ~20 weeks gestation [43].
Enhanced placental transfer of select fatty acids important for
fetal development, e.g. docosahexanoic acid [44], may contrib-
ute to differences with the non-pregnant state.

Association of maternal metabolites with insulin resis-
tance during pregnancy has not been reported. Similar to
non-pregnant cohorts [41, 45], we found a negative associa-
tion of BCAA, alanine, proline and glutamine/glutamate, and
no association of NEFA with insulin sensitivity. Different
from non-pregnant cohorts, ornithine, tyrosine and glycine
(except for 1 h post-glucose before adjusting for maternal
BMI) were not associated with insulin sensitivity, although
statistical power may have limited our ability to detect mod-
est effects due to multiple comparisons corrections [41]. We
also demonstrated a negative association of arginine,
medium-chain acylcarnitines and BCAA metabolites with
insulin sensitivity.
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BMI, glucose and insulin sensitivity are interrelated; preg-
nancy also markedly decreases insulin sensitivity [46]. To try to
define the metabolome independently associated with these
phenotypes, we adjusted for the other phenotypes when one
was used as a predictor. Adjusting for maternal glucose mod-
estly impacted the maternal metabolome associated with BMI,
however, the maternal metabolome associated with BMI or
insulin sensitivity was more significantly impacted after
adjusting for the other measure. Insulin sensitivity explained
the association of triacylglycerols as well as a number of amino
acids, including the BCAA, with maternal BMI. Maternal BMI
but not insulin sensitivity was associated with a number of
fasting fatty acids. Network analyses confirmed these differ-
ences with more fatty acids and their carnitine esters associated
with BMI compared with insulin sensitivity. Finally, although
similar pathways were associated with maternal BMI and insu-
lin sensitivity, fatty acid biosynthesis was uniquely associated
with maternal BMI, while BCAA degradation pathways were
uniquely associated with maternal insulin sensitivity. The

@ Springer

associations between BCAA and insulin sensitivity are of in-
terest given the growing number of studies demonstrating
cause and effect relationships between BCAA levels and me-
tabolism and insulin sensitivity [30, 47, 48].

The association of maternal BMI with newborn size at birth
is well established [1, 4, 10], but the lack of association of
insulin resistance corrected for maternal BMI with newborn
BW and SSF is new. This dichotomy may provide important
clues for defining maternal metabolic variables with causal
links to newborn outcomes. For example, BCAA and their
metabolites were strongly associated with insulin sensitivity
in pregnant and non-pregnant individuals, but in contrast to
the situation in non-pregnant individuals, BCAA and their
metabolites were not associated with BMI in pregnant wom-
en, suggesting that they might not be the primary effectors of
the fetal outcomes reported here. Instead, multiple markers of
fasting lipid metabolism were clearly associated with maternal
BM]I, including several abundant long-chain fatty acids and
acylcarnitines and classical markers of lipolysis and fatty acid
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oxidation, e.g. 3-hydroxybutyrate and glycerol. Moreover,
network analyses demonstrated that most of these analytes
were associated with newborn BW and SSF in both fasting
and 1 h post-glucose samples (Fig. 3), suggesting that in-
creased lipid supply associated with higher BMI results in
increased maternal fatty acid oxidation with accumulation of
acylcarnitines and ketones as by-products. This greater reli-
ance on fatty acid oxidation for energy needs may reduce
catabolism of other fuels, including glucose and amino acids,
sparing them for transfer to the fetus. Indeed, network analy-
ses demonstrated negative rather than positive association of
several amino acids and related metabolites with newborn
outcomes in the context of maternal BMI. Together, these
findings suggest that by-products of lipid metabolism gener-
ated in high BMI mothers may influence fetal growth and
adiposity. This idea will require further investigation;
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Intra-cluster edge (grey)
Inter-cluster edge (red)

Partial correlation direction
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significant
association

Subnetwork of maternal (b) fasting and (d) 1 h metabolites associated
with both maternal BMI and BW. These subnetworks indicate correlated
metabolites that are jointly associated with both maternal BMI and new-
born outcomes

however, we note that ketone bodies are efficiently
transported across the placenta and available to the fetus either
as oxidative fuels or for fatty acid synthesis [49], while
docosahexaenoic acid was negatively associated with mater-
nal BMI but positively associated with both newborn out-
comes, consistent with transplacental transport to support
brain and overall development in the growing fetus [44].
Plasma glucose and BMI are interrelated but their associa-
tions with newborn size at birth are, in part, independent [1, 4, 8,
9]. Consistent with this, network analyses of maternal fasting
and 1 h metabolites jointly associated with maternal BMI and
newborn outcomes show differences from our previous net-
work analyses of maternal glycaemia [13]. For example,
spinglass communities comprised largely of fasting amino acids
were identified when BMI but not FPG was the maternal phe-
notype. One hour post-glucose, communities comprised largely
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cent variation explained (right-hand y-axis) for random forest models
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conditional variable importance for maternal glucose and BMI, respec-
tively. Blue, pink and red points correspond to conditional variable im-
portance of metabolites in M2, M3 and M4, respectively. Grey bars plot

of carbohydrates were present with 1 h glucose as the maternal
phenotype, while communities with amino acid-related metab-
olites were present when maternal BMI was the phenotype.
Fasting and 1 h post-glucose, spinglass communities comprised
of fasting acylcarnitines, fatty acids, lipids and/or lipid-related
metabolites were identified for both maternal phenotypes, but
there were differences in the metabolites present in the commu-
nities. Random forest analysis also identified a broad array of
metabolites associated with maternal BMI that predict BW and
SSF independent of maternal BMI and glucose (see ESM
Tables 8—11). In previous random forest analyses [13], we
showed that some of these same metabolites were associated
with maternal glucose and predicted BW and/or SSF. However,
some metabolites were uniquely associated with maternal
BMI and predicted BW and/or SSF, including fasting 3-
hydroxybutyrate and its carnitine ester, cholesterol, acetylcar-
nitine and asparagine/aspartate as well as 1 h docosaheaenoate,
3-hydroxybutyrate, 2-hydroxyvalerate and «-ketoglutarate.
Together, these data suggest that the associations of BMI and
maternal glycaemia with newborn size at birth can be accounted
for, in part, by different groups of metabolites, consistent with
their partially independent effects on newborn outcomes.

Our study had several strengths. It is the largest to examine
the associations of maternal BMI on the maternal metabolome
and the first to consider estimated maternal insulin sensitivity
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as a predictor of the maternal metabolome and relate the ma-
ternal metabolome associated with BMI to newborn out-
comes. One limitation is that comparing our findings to non-
pregnant populations may be subject to confounding, variabil-
ity in data collection and other systematic study differences
that cannot be addressed analytically with the available data.
Also, the observational nature of HAPO complicates causal
interpretation of metabolites underlying associations between
maternal phenotypes and newborn outcomes.

In conclusion, maternal BMI and insulin sensitivity impact
a broad array of metabolites and have shared and independent
associations with the maternal metabolome. Unlike insulin
sensitivity, maternal BMI is independently associated with
newborn size at birth. Metabolites associated with maternal
BMI independent of maternal glucose include a broad array
of metabolites, including lipids and lipid-related metabolites.
Some of these metabolites also predicted newborn outcomes
in random forest analyses. Future studies examining the im-
pact of maternal obesity on newborn outcomes may require
more in-depth analysis of maternal lipid metabolism.
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