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Summary

Background Impaired fetal cranial growth trajectories, diverging before 20 weeks' gestation, are associated with
growth, vision, and neurodevelopment deficits at age 2 years. We aimed to understand the maternal-fetal
pathophysiological processes underlying childhood developmental deficiencies.

Methods Between 2012 and 2019, the INTERBIO-21* Fetal Study enrolled 3598 pregnant women who initiated antenatal
care before 14 weeks’ gestation. We prospectively measured fetal cranial and linear growth and brain volume, and we
monitored the infants’ health, growth, and development from birth to age 2 years to identify growth and development
phenotypes. We grouped the observed cranial growth into five distinct phenotypes: median growth tracking (MGT;
steady growth throughout pregnancy, close to the INTERGROWTH-21* 50th centile); early faltering growth (EFG;
growth faltered throughout pregnancy); late faltering growth (LFG; higher but parallel growth to the MGT trajectory
through the second trimester, with growth starting to falter by the early third trimester); accelerating growth (AG;
growth close to the 50th centile through the second trimester followed by accelerated growth during the third trimester);
and late median growth tracking (LMG; accelerated growth post 15 weeks’ gestation, followed by a normalising growth
rate in the third trimester). These phenotypes were associated with distinct growth, vision, and developmental
outcomes at age 2 years. We also prospectively and concomitantly obtained early pregnancy maternal blood samples,
measured maternal-fetal placental blood flow, and collected placental tissue and umbilical cord blood samples at birth.
In this study, we did placental histopathology, and genetic, epigenetic, and metabolomic wide association studies to
better understand the pathophysiology of fetal phenotypes that manifest distinct characteristics in childhood.

Findings We first explored the association between the previously identified fetal head circumference phenotypes, as
described above, and placental physiology, metabolomic, and genetic outputs. The most severe growth and
development deficiency was observed in the cranial EFG phenotype, which demonstrated fetal growth restriction
before 25 weeks’ gestation. It was associated with reduced umbilical cord blood flow and an increased maternal
vascular malperfusion compared with the other four phenotypes. The EFG phenotype had a phospholipid signature
with odds ratios (ORs) of 1-42 (95% CI 1-32-1-51) for phosphatidylcholine (PC) and of 1-41 (1-32-1-50) for ether
lipids PC (O-) species associated with the EFG group in maternal samples at less than 16 weeks’ gestation rather than
plasmologens; there were also positive ORs for early maternal oxidised PC signatures (OR 1-41; 1-32-1-50), in a
reciprocal pattern with the AG phenotype. There was a consistent epigenetic hypermethylation pattern in umbilical
cord samples of peroxisomal genes PEX 10 and 14 and of genes encoding enzymes within the plasmalogen pathway
(FASN, GNPAT, and PEDS 1); hypomethylation of the FAR1 gene (encoding the rate-limiting enzyme); and epigenetic
hypermethylation of CPT1and ACSL1 suggestive of impaired fetal fatty acid B-oxidation.

Interpretation We provided placental, epigenetic, and molecular characterisation of the pathophysiology underlying
early fetal cranial and brain volume impaired growth, with consistency between epigenetic and metabolomic results.
These mechanisms appear to exert cumulative downstream growth and developmental influences into childhood.

Funding The Bill & Melinda Gates Foundation.
Copyright © 2026 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.
Introduction

The maternal-fetal exposome has long-lasting effects on

a child’s subsequent health, growth, neurodevelopment,
emotional and social interactions, educational

attainment, and income."? However, the pathophysiology,
interlinked influences and timing of exposures, and
domain specificity of neurodevelopmental impairment
remain unclear.
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Research in context

Evidence before this study

Our systematic review identified 28 metabolomic studies that
assessed the pathophysiology of intrauterine growth restriction
(IUGR) and small for gestational age (SGA) in maternal blood,
umbilical cord blood, or both. Of the 19 studies using maternal
blood, none of which evaluated fetal growth trajectories nor
neurodevelopment, only five took samples from pregnancies at
20 weeks’ gestation or earlier. The two largest studies reported
dissimilar results. A study of 878 women, with 98 newborn
babies SGA and 780 newborn babies appropriate for
gestational age, found no significant differences in maternal
amino acids, non-esterified fatty acids, phospholipids, or
carnitines. However, a study of 474 women, with 175 term
newborn babies with [UGR and 299 controls, found most
steroid pathway metabolites were downregulated and
metabolites related to the plasmalogen pathway were
upregulated. Of the 21 metabolomic studies in cord blood, only
one included postnatal follow-up, and only four included more
than 50 newborn babies with IUGR or SGA. Most reported
significant differences in amino acids, lysophosphatidylcholines,
phosphatidylcholines (PCs), and carnitine, although the
direction of the association varied. For example, phenylalanine
was upregulated in four and downregulated in two studies;
alanine was upregulated in three and downregulated in

two studies; glutamine was upregulated in two and
downregulated in two studies; and valine, isoleucine, and
carnitine were all upregulated in three and downregulated in
one study. Most PCs and lysophosphatidylcholines were
downregulated, whereas the remaining metabolites showed an
inconsistent trend.

Added value of this study

We have previously defined a fetal phenotype consisting of early
faltering growth (EFG) of the cranium associated with impaired
growth, vision, and neurodevelopment at age 2 years. In this
study, we have refined the phenotype by showing its association
to: (1) a set of maternal risk factors, nutritional biomarkers, and
pregnancy complications; (2) a hypoxic placental environment,

The INTERGROWTH-21* Project has shown that,
when maternal health, educational, environmental, and
nutritional needs are met, fetal growth, brain maturation,
and newborn size and body composition are consistently
similar across diverse populations and geographies,™
with satisfactory growth, neurodevelopment, and
associated behaviours at age 2 years.”” Conversely, in
medium-to-high-risk pregnancies in the INTERBIO-21*
Fetal Study, we identified five distinct phenotypes of
cranial growth: median growth tracking (MGT, for
steady growth throughout pregnancy, close to the
INTERGROWTH-21* 50th centile); early faltering growth
(EFG; for growth faltered throughout pregnancy); late
faltering growth (LFG; for higher but parallel growth to
the MGT trajectory through the second trimester, with
growth starting to falter by the early third trimester);
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defined by increased umbilical artery Doppler pulsatility index
trajectories from 22 weeks’ gestation measured concomitantly
with cranial growth, and histopathological evidence of maternal
vascular malperfusion; (3) faltering volumetric growth of the
fetal brain between 14 and 31 weeks' gestation, without
evidence of a significant genetic association with large effect;
(4) robust hypermethylation and hypomethylation patterns in
cord plasma; and (5) highly specific maternal-fetal metabolic
signatures based on an untargeted metabolomic analysis of
linked maternal early pregnancy and cord samples. We found an
over-representation in maternal plasma of the ether-bonded
alkyl-acyl phospholipids (PC-O; rather than plasmalogens) and
canonical PC species (rather than phosphatidylethanolamines)
in the EFG phenotype. We also found evidence of alterations in
fatty acid B-oxidation, in cord plasma, based on a reciprocal
pattern of metabolite signatures between the EFG
(downregulated) and accelerating growth phenotypes. Finally,
we found evidence of hypermethylation of PEX genes 10 and 14,
which encode proteins directly involved in peroxisome
membrane traffic, with downstream hypermethylation of genes
encoding several key enzymes in the plasmalogen biosynthesis
pathway, consistent with regulatory disruption at the epigenetic
rather than genetic level.

Implications of all the available evidence

We have identified disruption in maternal and fetal metabolic
pathways associated with EFG of the fetal cranium and brain,
which results in poor infant growth and neurodevelopmental
outcomes. To our knowledge, no previous study has
investigated large numbers of mother-infant dyads from early
pregnancy to childhood, while concomitantly exploring such a
wide-ranging set of variables and molecular pathways.

We followed an untargeted metabolomic approach that led to a
focused epigenetic analysis of the relevant glycerophospholipid
biosynthesis pathways. Our findings suggest a biological
association indicative of fundamental processes regulating
human fetal growth and could lead to biomarkers for the risk of
developmental delay.

accelerating growth (AG; for growth close to the
50th centile through the second trimester followed by
accelerated growth during the third trimester); and late
median growth tracking (LMG; for accelerated growth
post 15 weeks gestation followed by a so-called
normalising growth rate in the third trimester). EFG of
the fetal cranium, starting between 20 and 25 weeks’
gestation,® is inversely associated with growth, cognitive,
fine motor, language, and vision development at age
2 years.’

We now explore the biology of these early fetal cranial
and brain volume growth phenotypes that track with
postnatal growth, vision, and development until age
2 years. Across these phenotypes, we investigated:
(1) patterns of placental blood flow and histopathological
malperfusion; (2) maternal and fetal genetic variants;
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(3) maternal early pregnancy and fetal metabolomic
signatures; and (4) the epigenetic regulation of the fetal
genes encoding the enzymes of the observed metabolic
pathways.

Methods

Study design, participants, and samples

This prospective, observational study was done in
multiple centres in six countries: all four maternity
hospitals in Pelotas (Brazil), the urban Aga Khan
University Hospital in Nairobi (Kenya), the rural Kilifi
County Hospital (Kenya), AKUH teaching hospital in
Karachi (Pakistan), Chris Hani Baragwanath Academic
Hospital in Johannesburg (South Africa), the only
government hospital serving all of Soweto (South Africa),
the Shoklo Malaria Research Unit in Mae Sot (Thailand),
and the Oxford University Hospitals in Oxford (UK),
between Feb 8, 2012, and Nov 30, 2019.>"

The INTERBIO-21* Study and its ancillary studies
were approved by the Oxfordshire Research Ethics
Committee ‘C’ (reference: 08/H0606/139), the research
ethics committees of the individual participating
institutions, as well as the corresponding regional health
authorities where the project was implemented.

We enrolled 3598 women who initiated antenatal care
at less than 14 weeks' gestation,” determined by
ultrasound dating,” irrespective of their pregnancy risk
profile (ie, an unselected population). We excluded
women younger than 18 years, with a BMI higher than
35 kg/m?2 (to facilitate fetal ultrasound scanning), assisted
conception, and multiple pregnancy." We monitored
their pregnancies to delivery, and their children’s health,
growth, and development until age 2 years; corrected age
was used for infants born preterm.” All mothers provided
written informed consent for the use of their clinical data
and biological samples.

The appendix 1 (pp 2—4) summarises the methodology,
previously reported, to identify the fetal phenotypes
(including data management, ultrasound scanning,
clinical information, anthropometry, and neuro-
developmental assessment at age 2 years).""**

From the eligible cohort of 3206 women who had
three or more fetal ultrasound scans, we selected
2655 women who also provided venous blood samples
(who were non-fasting, in line with recent publications**)
atamedian gestational age of 13- 2 weeks (IQR 11-9-17 - 2).
From 2429 of these women, we collected umbilical
cord venous blood samples within 30 min of delivery
and two placental samples (approximately 8 mm
diameter x full placental thickness) within 1 h of delivery,
if possible (appendix 1 p 5).

To investigate the pathophysiological processes
underlying the EFG phenotype, we measured uterine
artery and umbilical cord blood flow, and examined
placental histopathology, as proxies for oxygenation and
nutrient transfer, and used the maternal and cord blood
samples to: (1) conduct genome-wide association studies

(GWAS) to identify maternal and fetal genetic variants;
(2) explore metabolomic signatures associated with the
phenotypes, and (3) conduct an epigenome-wide
association study (EWAS) focused on the fetal
methylation patterns related to the metabolic pathways
suggested by metabolomics.

Metabolomic analyses

The detailed methodology related to rapid liquid
chromatography—mass spectrometry and spectral data
handling, extraction, and alignment is presented in the
appendix 1 (p 6). This method of tandem mass
spectrometry (MS/MS) aimed to provide detailed
structural information on the makeup of molecules. We
conducted logistic regression analysis to identify
metabolite features associated with the fetal phenotypes,
controlling for maternal age and newborn sex (glm
function from R, family=binomial, link=logit).

Metabolite features were standardised to a z-score by
subtracting the mean and scaling to unit variance with
the standard score of metabolite feature x calculated as
z=(x—u) /s where u is the mean and s is the SD of the
metabolite abundances. A single metabolome-wide
significance threshold of p lower than 1x106 was used
to identify the principal associated metabolite features,
a significance level empirically determined using
a rough estimate of the independent number of
metabolite features in a typical dataset. The output was
the odds ratio (OR) for the metabolite, calculated by
exponentiation of the estimate of the coefficient of the
variable of interest, metabolite level, from the logistic
regression model. These ORs should be interpreted as
the odds of being in the EFG phenotype (or AG
phenotype) compared with the odds of being in the
MGT phenotype.

To visualise how metabolites associated with the
two most divergent phenotypes diverged at the
metabolome-wide level, we performed a supervised
Uniform Manifold Approximation and Projection
(UMAP) using the significant metabolites, with their
intensities being imputed using the minimum value and
then z-scaled.

Sample preparation and laboratory methods for the
EWAS and GWAS are described in detail in the
appendix 1 (pp 9-10).

Statistical analysis
Differential methylation analysis was conducted using
the limma package (version 3.58.1) in R (version 4.3.1) to
identify differentially methylated positions between
phenotypes. A linear modelling framework was used,
specifying a design matrix that included phenotype
indicators and covariates for gestational age at birth,
maternal age, and newborn sex.

Pairwise contrasts between phenotypes were then
defined using makeContrasts to extract specific
comparisons, followed by model fitting with ImFit() and
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contrast fitting using contrasts.fit(). We applied variance
moderation using eBayes,” which implements an
empirical Bayes shrinkage of standard errors, improving
inference stability across the numerous CpG sites
interrogated.

We applied the Benjamini-Hochberg procedure (adjust.
method="BH” parameter in topTable) to account for the
multiple testing inherent in genome-wide methylation
data, controlling the false discovery rate. Significant
differentially methylated positions were identified at an
adjusted p value threshold of 0-05 or lower.

Results were visualised using volcano plots, with log,
fold changes on the x-axis (with a threshold at +0-585,
equivalent to a 1-5-fold change) and -log, adjusted
p values on the y axis. These analytical steps were taken
to ensure robust detection of phenotype-associated
methylation signatures while minimising false positives.

We investigated CpG targets associated with the
phospholipid biosynthesis pathways—identified as
altered in the maternal metabolomic data—in cord
plasma to validate the upstream biology of metabolic
products at the regulatory level comparing the EFG
and AG phenotypes. To assess aggregate statistical
significance at gene level, we applied the Empirical
Brown’s method, a statistical approach for combining
multiple, potentially correlated p values. In methylation
studies, CpG sites mapping to the same gene often show
correlated methylation patterns; ignoring this correlation,
using standard statistical methods such as Fisher’s test,
can inflate type I error rates. Results were visualised in
original circularised figures to integrate these multiple
layers of information.

Genetic association with each of the phenotypes was
examined as a dichotomous trait using an additive logistic
regression model in the mother—child dyads separately.
Newborn sex and the first five genetic principal
components were included as covariates. The GWAS
were first conducted in each genetically homogenous
subgroup. After excluding subgroups with few samples,
six subgroups with different genetic ancestries were
included in the GWAS analysis. GWAS summary
statistics from these six subgroups were pooled using a
fixed-effects, inverse-variance weighted meta-analysis.

We report the crude GWAS p values, but we adjusted
the significance thresholds to account for multiple
testing to 5x108. As we conducted ten GWAS tests for
both maternal and fetal associations across the
five phenotypes, a more stringent significance threshold
was required (5x108/10).

We summarised maternal and neonatal characteristics,
and we compared the EFG phenotype with all other
phenotypes combined using n (%) and 2 for categorical
variables and mean (SD) and ¢ tests for continuous
variables. The MGT phenotype was the reference group
for comparisons with the other four phenotypes: linear
regression models to calculate 3 coefficients and 95% CIs
for continuous variables, and Poisson regression models
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with a log-link function and robust SEs to calculate
relative risk and 95% CI for categorical variables. All
analyses were performed using R (version 4.2.1) and
STATA (version 170).

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results

Characteristics of the five fetal cranial growth phenotypes
We have previously described five cranial growth
phenotypes (EFG, LFG, MGT, AG, and LMG) with
distinct neonatal, postnatal head circumference, length
and height, weight, and scores for cognition, behaviour,
language, vision, and fine motor skills at age 2 years.’
Compared with the international standards and
expressed as z-scores,”””” the EFG phenotype had:
(1) reduced growth velocity for head circumference and
for femur length (appendix 1 pp 15-16) by 20 weeks’
gestation; (2) lower postnatal mean values of head
circumference up to age 2 years; (3) the lowest adjusted
mean f3 coefficient scores for height at age 2 years; and
(4) the lowest developmental domains at age 2 years with
highest vision reduction coefficients.” The appendix 1
(pp 21-26) shows a summary of the previously reported
maternal and neonatal characteristics and outcomes of
these phenotypes.’

Using novel methodology,® we estimated total brain
volume (TBV) across the five phenotypes, expressed as
z-scores of the international standard, between 14 and
31 weeks’ gestation (ie, the window during which the
phenotypes diverged; appendix 1 p 15). The TBV z-scores
were consistently lower in the EFG phenotype than in
the other four phenotypes (appendix 1 p 15).

We performed sensitivity analyses comparing the
maternal baseline characteristics, and pregnancy and
neonatal outcomes, of all women eligible for 3D ultrasound
and blood sampling (n=2111) with the final analytical
subset used for TBV estimation (n=1569). Both
subsamples were nearly identical with respect to those
parameters supporting the representativeness of the
analytical sample (appendix 1 p 34).

The prevalence of small for gestational age (SGA;
birthweight <10th centile)” was 29-3% (n=98) in the EFG
phenotype, which was higher than for the MGT
(11-5%, n=182) and the LFG (8-7%, n=18) phenotypes,
and considerably higher than the LMG (3-7%, n=8) and
AG (2-0%, n=6) phenotypes, suggesting a “dose-effect”
association according to the degree of cranial and brain
growth (appendix 1 p 25).

Uterine artery, umbilical cord blood flow, and placental
histopathology

Umbilical artery Doppler Pulsatility Index (PI) trajectories
from 22 weeks’ gestation differed among the phenotypes.
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The mean value before 24 weeks' gestation for the EFG
phenotype was above +1SD of the standards,” indicating
decreased feto-placental perfusion, and remained higher
than the other phenotypes during the third trimester of
pregnancy (appendix 1 p 17). However, the mean values in
the Doppler PIs of the uterine arteries were similar across
the phenotypes (appendix 1 p 17). The combination of
raised resistance in the umbilical arteries with normal
maternal uterine artery flow is indicative of feto-placental
dysfunction rather than diminished maternal blood
supply.

The appendix 1 (p 17) shows the prevalence of placental
vascular malperfusion in the five phenotypes (n=1014).
The prevalence of maternal vascular malperfusion
was 18-1% in the EFG phenotype, higher than in the
other phenotypes (around 5%; p<0-001). Such lesions
occur in association with preeclampsia, preterm birth,
and intrauterine growth restriction (IUGR).” The rates of
fetal vascular malperfusion were similar across all
five phenotypes.

Thus, the EFG phenotype is exposed to an abnormal
placental environment with reduced blood and nutrient
transfer, starting likely in the first trimester of
pregnancy due to alterations in placental structure and
blood flow.

Maternal and fetal genetic variants
We conducted a GWAS of the early maternal and
umbilical cord samples to look for genetic variants

associated with the phenotypes. For the EFG phenotype,
there were only two significant GWAS (p values
adjusted for multiple comparisons) in the maternal
samples on chromosome 16 near TMEMI114 (index
SNP: 1s78913226, p=6-44x108) and umbilical cord
samples on chromosome 3 near CNTNG (index SNP:
rs2678251, p=1-32x107; appendix 1 p 18). Neither gene
was involved in any of the metabolic pathways reported
in this paper; however, CNTN6 copy number variations
were associated with neurodevelopmental behavioural
disorders.”

Thus, there was little evidence of maternal or fetal
genetic variants, at a preselected GWAS significance
level of p<5x 1078, that could explain the phenotypes.

Maternal early pregnancy metabolomic markers
Figure 1 presents volcano plots of OR distributions for the
metabolite signatures, according to p value, adjusted by
maternal age and newborn sex, across the five phenotypes.
The MGT phenotype was associated with the least
metabolic activity, with limited variability and no
significant metabolite signatures in maternal plasma.
Conversely, the EFG phenotype had 602 significant
signatures at the p value threshold of 1x106: 436 with
positive OR and 166 with negative OR. Hence, only
maternal early pregnancy metabolites in the EFG
phenotype are presented in table 1 and table 2.

The appendix 1 (p 19) shows the results of a supervised
UMAP using the significant metabolites from maternal

Early faltering growth Late faltering growth

Maternal plasma (<16 weeks)

Median growth

Accelerating growth Late median growth
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T T l T T T T T T T
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OR OR
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Figure 1: Volcano plots of OR distributions across the five fetal cranial growth phenotypes for all metabolite signatures in maternal early pregnancy and

umbilical cord samples, according to p value

ORs adjusted by maternal age and newborn sex. Dots indicate p<1x107 signatures. (A) Maternal early pregnancy plasma samples. For the early faltering growth
phenotype, there were 166 metabolite signatures with reduced OR and 436 metabolite signatures with increased OR (represented by pink dots). (B) Umbilical cord
plasma samples at birth. For the early faltering growth phenotype, there were 255 metabolite signatures with reduced OR and 334 metabolite signatures with
increased OR (pink dots). For the accelerating growth phenotype, there were 11 metabolite signatures with reduced OR and 140 metabolite signatures with increased

OR (green dots). OR=o0dds ratio.
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and cord plasma associated with the EFG and AG
phenotypes, that diverged most at the metabolome-wide
level. The data separated into two clusters, indicating
visually distinctive underlying metabolite abundance
profiles between the EFG and AG phenotypes in
maternal and cord plasma.

We prioritised the most significant signatures in
figure 1 for molecular characterisation and identification
in a subsequent mass spectrometry experiment. Those
selected had a p value lower than 1x108 and median
abundance level of more than 500 counts (88 species
with positive OR and 20 species with negative OR; if
referring to the polarity of the detected species, there
were 71 in positive mode and 37 in negative mode). Of
those with adequate peak quality and spectra, we
characterised 25 unique metabolites significantly
associated with the EFG phenotype (20 positive and
five negative). Where metabolite species are identifiable,
this was done using the MS/MS data.

Table 1 presents the chemical structures of the species
characterised in maternal plasma from the EFG
phenotype (post-lipid class numbering represents carbon
acyl-chain length and unsaturation), as well as their
mass-to-charge ratio, OR, and p values associated with
the probability of belonging to that phenotype.

Phosphatidylcholines (PCs) were the most associated
signature, of which 11 were most likely individual
molecules (nine positive and two negative OR). These
PCs had at least one polyunsaturated fatty acyl (PUFA;
ie, =two double bounds) side chain. There were a
further two phosphatidylethanolamine (PE) species, and
one lysophosphatidylcholine (LPC; 18:3 [ie, 18 carbon
atoms and three double bonds]), all with PUFA acyl-
chains. These PC, PE, and LPC species were positively
associated with the EFG phenotype (table 1).

The EFG phenotype was also associated with ten ether
lipid species in maternal plasma (table 2). Eight had an
alkyl chain attached by an ether bond (O- prefix)—
ie, ether lipids, but only the non-oxidised alkenyl chain
(PC [P-16:0_22:5]), and the PC(P16:0;02_18:1) were
plasmalogens. All were positively associated with the
EFG phenotype, except for PC(0-20:5;03_16:0), which
was negatively associated.

No maternal early pregnancy metabolite signatures
were identified in the AG phenotype (figure 1).
Nevertheless, we used the same maternal samples to
compare the most significant EFG metabolites with
those previously identified in the abdominal EFG and
AG phenotypes, based on serial measurements of the
fetal abdominal circumference.” The comparison was
possible because phenotyping used the same cohorts
and laboratory techniques, with identical sampling,
metabolomic methods, and analytical strategy.

Figure 2 and the appendix 1 (p 27) present 14 overlapping
compounds characterised in the three phenotypes with
an enriched representation of oxidised PCs. There were
two non-oxidised canonical PCs, 11 oxidised canonical
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PCs, and 5-hydroxyeicosatetraenoic acid (5-HETE),
putatively assigned by MS/MS, which is an eicosanoid
derivative of PUFA side-chains. All lipids contained a

p value OR (95% Cl) m/z

Canonical PCs

PC (18:1/18:2) 115x102 142 (1:32-1:51) 78458
C (16:0/22:6) 2:23x10™2 142 (1:32-1:51) 80657
C(18:2/18:2) 136x10 1-40 (1:30-1-49) 78257
C (16:1/20:4)* or PC (16:0/20:5) 1.59x101* 1-40 (1:30-1-49) 780-55

PC (16:1/20:4)* 5-55x10 133 (1-23-142) 794-58
C (16:0/20:5) or PC (16:1/20:4) 1.82x10 1-39 (130-1-49) 780-55
C (14:0/20:4) 2-81x10° 134 (1-24-1-43) 75454
C (14:0/22:6) 3-85x10° 0-64 (0-78-0-49)t 77854

PC (18:2/16:1) 8.66x10° 0-63 (0-79-0-48)t 756-55

Oxidised PCs (PC;0)

PC (18:2;0/18:0) or PC (0-18:02/18:3)  1.79x10™ 1-41 (1-32-1:50) 802:59

PC(40:7,02) 316x1012 1-41 (1-31-1-50) 864-57

PEs

PE (18:0/20:4) 1.75x10% 142 (1-33-1:51) 76653

PE (20:4/18:1) or PE (22:5/16:0) 17510 1-41 (1-31-1-50) 76453

LPCs

LPC18:3 356x102 1-40 (131-1-49) 54031

m/z is a standard unit in mass spectrometry indicating the mass of an ionised molecule divided by its charge. ORs
represent the association with the cranial EFG phenotype, adjusted for maternal age and newborn sex. Models are
adjusted for maternal age and newborn sex; post-lipid class numbering represents carbon acyl-chain length and

unsaturation. EFG=early faltering growth. OR=odds ratio. LPC=lysophosphatidylcholines. m/z=mass-to-charge ratio of

an ion. PC=phosphatidylcholine. PE=phosphatidylethanolamine. *Structural isomers with different retention times.

tNegatively associated.

Table 1: Early pregnancy total maternal lipid species exclusively associated with fetal cranial EFG

phenotype (n=335)

p value OR (95% Cl) m/z
Alkyl-acylphospholipids PC(O-)
PC (0-18:3;03/16:0); PC (P-18:2;03/16:0); 142x10%  142(133-152) 79056
C (0-16:0;02/18:3;0)
C (0-20:4;03/18:1); PC (P-20:3;03/18:1); 306x10 141 (1:32-1:50) 840-57
C (0-22:7;03/16:0)
C (0-19:6,02/17:0); PC (P-19:5;02/17:0); 3-82x1012 1-41(1-32-1-51) 79655
PC (0-16:2;02/20:4)
C (0-14:0;02/20:4); PC (0-18:4;02/16:0); 9.01x10*2 1-39 (1:30-1-48) 77255
C (P-18:3;02/16:0)
C (0-18:2;0/16:0); PC (P-18:1;0/16:0) 1.62x10™ 1-40 (1-30-1-49) 774-56
C (0-20:5;03/16:0); PC (P-20:4;03/16:0) 415x10%  0.64(0:50-0-78)* 81456
C (0-18:0;02/18:3); PC (18:2:0/18:0) 179x10%2  1.41(1:32-150) 802:59
PC (0-16:1/22:5); PC(0-18:4/20:4); 172x10m  1.39(1:30-148) 79259
Plasmalogens PC(P-)
PC(P-16:0/22:5); PC(P-18:3/20:4) 172x10m  1.39(130-148) 79259
PC(P-16:0;02/18:1); PC(P-18:1;0/16:0;0); 6:80x1071° 135 (1-26-1-45) 77657

PC(0-16:0;02/18:2); PC(0-16:2;02/18:0)

m/z=mass-to-charge ratio of an ion. m/z is a standard unit in mass spectrometry indicating the mass of an ionised
molecule divided by its charge. Models are adjusted for maternal age and newborn sex; post-lipid class numbering

represents carbon acyl-chain length and unsaturation. ORs represent the association with the cranial EFG phenotype,

adjusted for maternal age and newborn sex. EFG=early faltering growth. OR=0dds ratio. *Negatively associated.

Table 2: Maternal early pregnancy ether lipid species exclusively associated with fetal cranial EFG

phenotype (n=335)
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Figure 2: Associations of the 14 early maternal lipid species overlapping the fetal cranial EFG phenotype with
the fetal abdominal circumference EFG and AG phenotypes

All ORs are significant at the p value <1x10°. Models adjusted by maternal age and newborn sex. AG=accelerating
growth. EFG=early faltering growth. OR=odds ratio. PC=phosphatidylcholine.
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PUFA acyl chain. Importantly, these metabolites were
positively associated, with statistical significance, with
both EFG phenotypes (ie, cranial and abdominal), but
negatively associated, in a reciprocal relationship, with
the abdominal AG phenotype.

In short, in the cranial EFG phenotype, there was an
over-representation of maternal ether-bonded alkyl-acyl
phospholipids (PC-O; rather than plasmalogens) and
canonical PC species (rather than PEs). Oxidised PCs
were positively associated with both EFG phenotypes,
but negatively with the abdominal AG phenotype.

Fetal metabolomics markers

We identified no metabolites exclusive to cord plasma
among the MGT and LFG phenotypes that reached our
strict criterion of p value lower than 1x106 for
significance (figure 1). Of the significant, non-
overlapping signatures in cord plasma at the p value
threshold of 1x106, we prioritised for molecular
characterisation a small number in those in the EFG
phenotype (ten in total, of which six were upregulated
and four downregulated).

The EFG phenotype showed a positive association in
cord samples with (ie, an accumulation of) metabolites
involved with fatty acid (FA) transport into the
mitochondria for f-oxidation such as carnitine,
deoxycarnitine, and octanoylcarnitine, suggestingimpaired
FA B-oxidation in the EFG phenotype (appendix 1 p 28).
This effect is consistent with the hypoxic environment
indicated by the placental histopathology. Interestingly,
the autosomal recessive medium chain acyl-CoA
dehydrogenase deficiency is a FA oxidation disorder,
which also manifests with increased octanoyl-carnitine

in newborn babies; these children develop acute
hypoglycaemia during periods of fasting.**

Moreover, we identified 33 signatures that overlapped
in a reciprocal association between the EFG and AG
phenotypes (p<1x106). Of these, 26 were negatively
associated (ORs close to 0-5) and seven were
positively associated (ORs close to 1-5) with the EFG
phenotype. 12 of these signatures could be identified:
ten downregulated and two upregulated in the EFG
phenotype, with opposite effects in the AG phenotype
(figure 3). Octanoylcarnitine (or valproylcarnitine) was
upregulated in the EFG but downregulated in the
AG phenotype, which are involved in the transfer of
long-chain FAs across mitochondrial membranes for
B-oxidation. Their accumulation in cord plasma again
suggests a reduction in FA B-oxidation in the EFG
phenotype.

In summary, we noticed consistent evidence of
alteration in fetal FA B-oxidation from cord metabolite
signatures that are both exclusive to the EFG phenotype
and overlapping, in a reciprocal pattern, between the
EFG and AG phenotypes.

Among the signatures associated with only the EFG
phenotype in cord plasma, there were two very-long-
chain dicarboxylic acids (VLCDCAs) that were
downregulated: the hexacosanedioic acid (C,H;,0,
OR 0-58 [95% CI 0-42-0-74]) and the tetracosanedioic
acid (C,.H,.0,; 0-52 [0-34-0-70]).

Among the downregulated signatures in the EFG
phenotype and upregulated in the AG phenotype
presented in figure 3, four were nutritional biomarkers:
PC (37:3), a long-chain PC with a PUFA, belonging to the
diacylglycerol-phosphocholine sub-family; two hexoses,
most likely glucose; and a 2-amino-octanoic acid, an
omega-amino FA.

There were also four downregulated compounds
related to growth and endocrine maturation in the
EFG phenotype, reciprocally associated with the
AG phenotype: (1) methyloestradiol (an oestrogen
receptor agonist) or androstenedione, an endogenous
precursor of testosterone and oestrone with weak
androgenic effects; (2) paraxanthine, the predominant
metabolite of caffeine or similar infusions, with a
strong dopaminergic effect; (3) a structural endogenous
isomer of ecgonine, consistently downregulated in
the maternal EFG samples also; and (4) hydroxy-
chlorothalonil, a metabolite of the toxic fungicide
chlorothalonil, which had a similar association with the
abdominal EFG phenotype in maternal samples
(figure 3).

Conversely, there was upregulation in the EFG
phenotype, with a reciprocal downregulation in the AG
phenotype, of a signature of the non-essential amino
acid, hydroxyproline, the main component of collagen.
In response to hypoxia or oxidative stress, collagen is
degraded to hydroxyproline, which also serves as a
marker of bone resorption.
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Figure 3: ORs of the 33 common molecules in umbilical cord samples that overlapped in the fetal cranial EFG and AG phenotypes
All ORs are significant at the p value <1x107. Models adjusted by maternal age and newborn sex. AG=accelerating growth. EFG=early faltering growth. OR=odds ratio.

Fetal epigenetic markers of perturbation of
phospholipid biosynthesis in the cranial EFG phenotype
compared with the AG phenotype

The total EWAS data showed strong patterns of multiple,
predominately hypermethylated CpG sites associated
almost exclusively with the EFG and AG phenotypes
(figure 4), supporting the metabolomic evidence presented
in figure 1.

Therefore, we next focused the analysis on exploring
methylation patterns at CpG and gene level, based on
the phospholipid biosynthesis pathways altered in the
maternal metabolomic data—ie, PC over-representation
and plasmalogen deficiency, comparing EFG and AG
phenotypes. This analysis evaluated genes encoding
enzymes in the glycerophospholipid and plasmalogen
pathways, mostly located at the peroxisome and
endoplasmic reticulum.

The appendix 1 (p 29) presents a comprehensive
methylation landscape of these pathways. The upper part
presents results at CpG level demonstrating a consistent
downstream pattern, starting with the hypermethylation of
predominantly PEX genes 10 and 14 that encode proteins
directly involved in peroxisome membrane traffic.

We then explored the methylation patterns of genes
responsible for the expression of enzymes across the
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plasmalogen pathway. There were CpGs related to
three hypermethylated genes: (1) FASN, which encodes
FA synthase, a peroxisome multifunctional enzyme,
part of the acyl-dihydroxyacetone (DHAP) pathway;
(2) GNPAT, which encodes glycerophosphatase
O-acyltransferase, a peroxisomal membrane enzyme,
essential to the synthesis of ether phospholipids; and
(3) TMEM189, which encodes plasmenyl-ethanolamine
desaturase (PEDS1), an endoplasmic reticulum-based
enzyme that catalyses the final step in the biosynthesis
of plasmalogens (appendix 1 pp 20, 29).

There were also hypermethylated CpGs related
to the PEMT gene, which encodes the enzyme
phosphatidylethanolamine-N-methyltransferase (PEMT),
involved in converting PE to PC. Hypermethylation of this
key enzyme could be a compensatory reaction to increase
PE to balance the metabolomic over-representation of PC
(table 1). Conversely, the FARI gene, which encodes fatty
acyl-CoA reductase 1, was hypomethylated (appendix 1
pp 20, 29), possibly also as a compensatory mechanism.
This enzyme has a key role in the biosynthesis of the FA
required to synthesise alkyl-DHAP in the plasmalogen
pathway.

We further evaluated the methylation patterns of
genes encoding enzymes overlapping with alternative
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pathways of phospholipid biosynthesis. We have
identified CpG hypermethylation patterns for GPAT
and AGPAT, two rate-limiting enzymes and their
multiple isomers, a key step for producing phosphatidic
acid, shared with the Kennedy pathway, as well as
LPIN, PPAP2, PPAPDCI1, and PPAPDC3 with their
multiple isomers (appendix 1 pp 20, 29).
Hypermethylation of genes encoding these enzymes
has implications for PE and PC biosynthesis, consistent
with the metabolomic results presented in table 1, as
well as for triacylglycerols.

This CpG level analysis was complemented by a gene-
level analysis focusing on the enzymes related to the
pathways explored above. There was consistent
hypermethylation of genes described above at the CpG
level (eg, PEX 10 and PEX 14, FASN, GNPAT, and
TMEM189 [PEDS 1 enzyme]; table 3). All are key,
underexpressed steps in the biosynthesis of plasmalogens
at the peroxisome and endoplasmic reticulum level.
PEMT was also hypermethylated, suggesting a reduction
of PE conversion to PC, and a redirection of the synthesis
of PC toward the cytidine 5’-diphosphocholine-choline
pathway (table 3).

Among the hypomethylated genes were FAR 1,
encoding the rate-limiting enzyme in the plasmalogen
pathway, and PEX 6 (table 3). The main function of
PEX 6, and its complex of PEX 16/13/1 genes, is to
remove PEX 5 from the peroxisomal membrane to
increase peroxisomal transport of proteins.

We specifically explored, at the CpG (appendix 1 p 29)
and gene level (table 3), the methylation patterns of
SELEIN encoding ethanolamine phospho-transpherase
(EPT 1) that increases, in the Golgi apparatus,
PE expression and de-novo synthesis of plasmalogens.
The EPT 1gene was hypomethylated (table 3) suggesting
again a compensatory increase, at the Golgi apparatus, of
PE, which we observed reduced in the metabolomic
results (table 1).

The appendix 1 (p 20) presents the methylation status,
at CpG and gene level, of the genes selected to compare
the EFG and AG phenotypes. In the EFG phenotype,
almost all genes related to plasmalogen synthesis, and
pathways associated with the biosynthesis of PE or PC,
are hypermethylated. These epigenetic data are
consistent with our metabolomic results, namely
decreased plasmalogens (table 2) with perturbations in
the equilibrium of lipid synthesis away from PE toward
PC (table 1).

Comparison of fetal epigenetic markers of perturbed FA
B-oxidation in the cranial EFG and AG phenotypes

Based on the metabolomic results (appendix 1 p 32), we
compared the methylation patterns of the EFG and AG
phenotypes at the CpG and gene level of genes
responsible for encoding key enzymes at the
mitochondrial membrane transfer level. CPTIA (the
gene coding the primary enzyme in the carnitine shuttle
and rate limiter in B-oxidation) was hypermethylated as
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was ACSLI, needed to generate fatty acyl-CoA (appendix 1
p 32). Overall, the genes encoding enzymes involved in
FA B-oxidation steps in the mitochondrial matrix were
hypermethylated; the same applied in the tricarboxylic
acid cycle that follows, when comparing the EFG and
AG phenotypes (appendix 1 p 33).

Hence, the consistent hypermethylation of CPTIA and
ACSLI suggests the suppression, in the EFG phenotype,
of the carnitine shuttle, thereby limiting the rate of
FA B-oxidation, consistent with the accumulation of
FA B-oxidation intermediates in the EFG phenotype in
the metabolomics analysis (appendix 1 p 28). This is
followed by the hypermethylation, downstream of the
B-oxidation pathway, of FA oxidation and the tricarboxylic
acid cycle (appendix 1 p 33).

Discussion

In this large cohort of mother—child dyads, we
investigated pathophysiological processes associated
with EFG of the fetal cranium and brain, using clinical,
ultrasonographic, placental histopathology, genetic,
metabolomic, and epigenetic data. We identified, with
little contribution from genetic variants, metabolic
pathways associated with the EFG phenotype, which first
manifests clinically between 20-25 weeks' gestation,
resulting in poor early child neurodevelopmental
outcomes, vision, and linear growth.

In early maternal plasma (<16 weeks' gestation), we
found overrepresentation of PC-Os (rather than
plasmalogens) and canonical PC species (rather than
PEs) both positively associated with the EFG phenotype.
Oxidised PCs were positively associated with both EFG
phenotypes (cranial and abdominal) but negatively
associated with the abdominal AG phenotype in a
reciprocal manner, suggesting a common maternal
biological influence on fetal organ growth.

The EFG phenotype (without ultrasound evidence of
brain sparing) was associated with increased resistance in
cord blood flow. There was also a higher prevalence of
maternal (not fetal) vascular malperfusion, which
typically arises from impaired maternal blood supply to
the intervillous space, whereas fetal vascular malperfusion
reflects primary compromise of the fetal circulation.

Three factors make our results robust: (1) the focused
analysis of the fetal EWAS data confirmed the
hypermethylation of genes PEX10 and PEX14, with a
cumulative, downstream hypermethylation of the genes
for several key enzymes of the pathway responsible
for plasmalogen biosynthesis, supporting regulatory
disruption at the epigenetic rather than genetic level;
(2) our results are mostly based on the comparison
between the EFG and AG phenotypes (the two most
extreme cranial growth patterns) supporting reciprocal
regulation of the underlying pathophysiological metabolic
processes described; and (3) the epigenetic data
in cord samples are entirely consistent with our maternal
metabolomic results, namely decreased plasmalogens
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Mean log FC Combined Chromosome
p value*

Hypermethylated
PEX3 0-00054189 0-01845134 6
PEX10 0-02725871 0-01447818 1
PEX14 0-0762567 5-6264x10° 1
FASN 0-02459285 8229710 17
GNPAT 0-01039514 0-04186585 1
TMEM189 0-01807207 1.0941x10® 20
CHPT1 0-01819669 0-00301435 12
PEMT 0-03781136 0-01041278 17
AGPAT3 0-03276995 0-01052761 21
AGPAT4 0-05063417 34196 x10° 6
AGPATS 0-02144672 0-04148308 8
AGPAT6 0-05006366 9-2603x10°® 8
AGPAT9 0-0625271 0-00035403 4
LPIN1 0-01926068 0-00990116 2
LPIN2 0-01792635 0-00426378 18
LPIN3 0:04001427 0-01289134 20
LPPR2 0-00601285 0-00245453 19
PPAP2B 0-00566328 0-00214924 1
PPAP2C 0-15243043 6:599x10® 19
PPAPDC1A 0-01263656 3:4681x10° 10
PPAPDC1B 0-0002322 0-00617744 8
PPAPDC3 0-04489279 0-0008549 9
Hypomethylated
FAR1 -0-02502533 8:4695x10° 11
PEX6 -0-02939293 2.7468 x10® 6
PEX12 -0-00807602 0-00449131 17
PEX13 -0-02223739 0-01665688 2
PEX26 -0-02590768 0-00214512 22
DHRS7B -0-01909956 0:00201757 17
EPT1 -0-0378862 0-00133548 2
PPAP2A -0-04802252 0-0324226 5
Fetal cranial early faltering growth phenotype (n=269) compared with the fetal
cranial accelerating growth phenotype (n=278). FC=fold change. *Combined
p values for the gene-level analysis were estimated using Empirical Brown's
method.
Table 3: DNA methylation patterns of genes associated with
phospholipid biosynthesis pathways

with perturbations in the equilibrium of lipid synthesis
away from PE toward PC.

Hence, the EFG phenotype, which results in poor
growth and developmental outcomes at age 2 years,
results from a complex process involving maternal
phospholipid imbalance, increased oxidised PCs,
alterations in ether phospholipid biosynthesis, and FA
B-oxidation in the fetus, likely reflecting the abnormal
placental environment associated with this phenotype.

Our study is unique because a wide range of interrelated
clinical, placental blood flow and histopathological,
metabolomic, genetic, and epigenetic measures were
studied in a large multicentre international cohort of
mother—infant dyads with well characterised and
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accurately dated pregnancies. Moreover, the children’s
growth and development (a major component of their
phenotypic description) were carefully monitored from
early pregnancy to age 2 years. Integrating diverse
clinical data across time using standardised z-scores was
only possible because of the availability of international
growth and neurodevelopmental standards.>*#%

However, this study has several limitations. First,
metabolomics only produces a snapshot of the biology
involved (eg, PCs have a 30-min half-life and measures
are made at steady state) rather than reflecting the
dynamic process of the maternal-fetal metabolic unit.*
Second, cord samples are not perfectly representative of
the intrauterine exposome, but they are used extensively
because fetal samples are difficult to obtain. Third, the
labour and delivery process might have affected fetal
metabolism that is reflected in the cord metabolite
signatures related to intrapartum factors rather than fetal
growth. Fourth, we were not able to refine the phenotypes
by maternal dietary intake as it was impractical in a study
of this size, geographical spread, and complexity to
measure maternal dietary intake, either weekly or on
24-h recall. Fifth, the GWAS was not powered to identify
genes influencing fetal growth. Sixth, the snl and sn2
positions of phospholipids could not be defined, and
ether lipid annotation is based on non-ether chain
identity. Finally, we only adjusted the models by maternal
age and infant sex because the fetal growth standards are
not sex-specific. Several other maternal characteristics
might be considered confounding variables, but these
are, in our conceptual framework, part of the phenotypic
definitions as independent variables. We did not control
for these (including study site) because it would have
resulted in over-adjustment; moreover, these contribute
important phenotype-specific information as effect
modifiers.

Our 2024 systematic review identified 28 metabolomic
studies that assessed the pathophysiology of [UGR and
SGA in maternal blood, cord blood, or both.” Of the
19 studies using maternal blood, none of which evaluated
fetal growth trajectories nor neurodevelopment, only
five had samples taken at 20 weeks’ gestation or earlier.”*
Of the 21 studies in cord blood (references available) only
one included postnatal follow-up, and only four had
more than 50 newborn babies with IUGR or SGA. Most
reported significant differences in amino acids,
lysophosphatidylcholines, PCs, and carnitine, although
the direction of the association varied.

In our data, the patterns of phospholipid subclasses and
species in maternal early pregnancy plasma positively
associated with the EFG phenotype, specifically the over-
representation of PC canonical phospholipid species and
PO(O) phospholipid subclasses rather than PEs,
sphingomyelins, or plasmalogens, provide mechanistic
insights into the restricted growth and lower
neurodevelopmental and vision scores observed in this
phenotype. PE concentrations are ten-fold higher than

PCs in most tissues except muscle;” in the human brain,
ether lipids are mainly PEs and to a lesser extent PCs and
PC(O-)s.” PE plasmalogens are highest in brain myelin,
retina, immune cells, sperm, and heart and skeletal
muscles,** and they are important in amino acid
homoeostasis.” PEs prevent oxidation, rescue neuronal
cell death, and determine membrane characteristics;”
and concentrations are low in Alzheimer’s and
Parkinson’s disease."#*%*

A key observation was the characterisation of ether lipid
PC(O-) species, rather than plasmalogens, in the EFG
phenotype. The role of ether lipids in cell differentiation
and signalling pathways is particularly relevant for fetal
tissues. Plasmalogens are the most common form of ether
lipids in higher order membranes such as myelin, and are
reduced in conditions affecting myelination, as well as
chronic inflammatory and immune diseases, oxidative
stress, ageing, neurodegenerative conditions, Alzheimer’s
and Parkinson’s disease, and respiratory and heart
diseases.” Plasmalogen reduction or depletion induces
compensatory mechanisms, including macrophage
activation,®* and a dynamic adaptation of cellular
phospholipid composition to exogenous lipid alterations.”

We have characterised the ether lipid PC(O-16:1_22:5),
which is structurally related to precursors of PAF (acetyl-
glyceryl-ether-phosphorylcholine). PAF is produced
mostly by cells involved in host defence; it is a potent
mediator and modulator of pathological processes and
multiple other biological activities.”

Oxidised phospholipid species represent the largest
component of the pool of characterised metabolites
positively associated with both EFG phenotypes (brain,
cranial, and abdominal) and negatively with the
abdominal AG phenotype, in a consistent reciprocal
relationship, supporting an underlying biological
phenomenon. Characterisation of 5-HETE, without
prostaglandins, suggests a preferential mechanism for
the amino acid metabolic pathway (LOX and CYP) that
has been positively associated with SGA.* Like other
eicosanoids, these are hormone-like signalling agents
active in upregulating acute inflammatory and allergic
responses.

Finally, our epigenetic data demonstrated hypermethy-
lation of PEX genes essential for glycerophospholipid
biosynthesis enzyme import into the peroxisomal matrix,
the basic step in glycerophospholipid production. This
hypermethylation of PEX genes represents a functional
deficiency. Conversely, PEX 16, responsible for peroxisome
membrane assembly (ie, a function unlike other PEX
genes), was hypomethylated.

Two other genes (FASN coding for FAS and TMEM189
coding for PEDS1) were hypermethylated in the EFG
phenotype compared with the AG phenotype. The
functional product of FASN is a peroxisomal membrane-
located, multifunctional enzyme, part of the DHAP
pathway, a precursor for ether lipid synthesis.” PEDS1 is
an endoplasmic reticulum-based enzyme that facilitates
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the conversion from 1-0-alkyl to 1-0-(1z alkenyl) to
produce PE plasmalogens.® This enzyme only uses (in
addition to oxygen) PE as substrate, which is
underrepresented in early pregnancy maternal plasma.

Interestingly, the gene coding for FARI1, the rate-
limiting enzyme in the pathway, was hypomethylated
reflecting a feedback mechanism in response to
decreased expression of upstream genes and downstream
enzymes. For example, PEX 14 (hypermethylated in our
data) knock-out animals increased the expression of
FAR1 (hypomethylated in our data).*

Hypermethylation in PEMT is highly relevant for
growth and development because the enzyme accounts
for 30% of hepatic conversion of PE into PC and eventual
de-novo formation of choline. Thus, PEMT downregu-
lation could be a compensatory mechanism to rebalance
PCs and PE that are overrepresented and under-
represented in our results. PEMT has a central role in
maintaining phospholipid balance, and mediating liver
health, weight gain, and insulin resistance.”

We provide comprehensive maternal, placental, and
fetal metabolic and functional insights associated with
early human growth and development. Interventions
targeted at the biological mechanisms described here
should be evaluated for their potential preventive or
therapeutic effects.
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