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Introduction: Monochorionic, diamniotic (MCDA) monozygotic twins share
nearly all genetic variation and a common placenta in utero. Despite this,
MCDA twins are often discordant for a range of common phenotypes,
including early growth and birth weight. As such, MCDA twins represent a
unigue model to explore variation in early growth attributable primarily to in
utero environmental factors.

Methods: MCDA twins with a range of within-pair birth weight discordance
were sampled from the peri/postnatal epigenetic twin study (PETS,
Melbourne; n =26 pairs), Beijing twin study (BTS, Beijing; n=25), and the
Chongging longitudinal twin study (LoTiS, Chongqging; n=22). All PETS
participants were of European-Australian ancestry, while all Chinese
participants had Han ancestry. The average of the birth weight difference
between the larger and smaller co-twins for all twin pairs was determined
and metabolomic profiles of amino acids, TCA cycle intermediates, fatty
acids, organic acids, and their derivatives generated from cord blood plasma
by gas chromatograph mass spectrometry. Within and between co-twin
pair analyses were performed to identify metabolites specifically associated
with discordance in birth weight. Multivariable regression and pathway
enrichment analyses between different regions were performed to evaluate
the geographical effects on the metabolism of MCDA twin pairs.

Results: PETS twins showed a markedly different metabolic profile at birth
compared to the two Chinese samples. Within-pair analysis revealed an
association of glutathione, creatinine, and levulinic acid with birth weight
discordance. Caffeine, phenylalanine, and several saturated fatty acid levels
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were uniquely elevated in PETS twins and were associated with maternal BMI
and average within pair birth weight, in addition to birth weight discordance.
LoTiS twins had higher levels of glutathione, tyrosine, and gamma-linolenic
acid relative to PETS and BTS twins, potentially associated with eating habits.

Conclusion: This study highlights the potential role of underlying genetic
variation (shared by MZ twins), in utero (non-shared by MZ twins) and
location-specific (shared by MZ twins) environmental factors, in regulating
the cord blood metabolome of uncomplicated MCDA twins. Future research
is needed to unravel these complex relationships that may play a key role in
phenotypic metabolic alterations of twins independent of genetic diversity.

KEYWORDS

monochorionic diamniotic (MCDA) twins, umbilical cord blood plasma,
metabolomics, shared and non-shared environmental factors, uncomplicated

MCDA twins

1 Introduction

The developmental origins of health and disease (DOHaD)
hypothesis proposes that differences in utero or early life, particularly
nutritional imbalance, may lead to permanent changes in physiology,
metabolism, and development (1). However, given the complex
aetiology of most phenotypes in humans, the ability to disentangle the
relative contribution of genetic and environmental factors is
problematic. The application of twin study designs represents a unique
opportunity to address this issue, particularly as monochorionic
diamniotic (MCDA) twins, accounting for 20%-30% of twin
pregnancies, are generally considered to be genetically identical with
similar mitochondrial DNA copy number and telomere length (2).
Despite this, MCDA twins often show different fetal growth and
development (3-6). Any phenotypic discordance within MCDA pairs
(including at birth) is therefore likely the result of non-shared
environmental exposures, independent of genetic variability. MCDA
twins provide a unique model for studying the relationship between
non-shared environmental factors, and a range of discordant
phenotypes, including many diseases (4).

Although there are many twin studies and registries internationally,
longitudinal twin cohorts commencing in pregnancy are relatively
uncommon, particularly with in-depth biological sampling. The Peri/
postnatal Epigenetic Twin Study (PETS) is such a cohort, with 250 pairs
of Australian twins and their mothers, established specifically to explore
the role of epigenetics in early life via a combination of within and
between twin study designs (7, 8). PETS was amongst the first to show
discordance in the epigenetic profile (DNA methylation) of MZ twins
at birth, arising due to non-shared environmental differences in utero.
PETS also revealed the heritability of DNA methylation profile to
be around 20% using a comparison between MZ and DZ pairs (9, 10).
The Beijing twin cohort study (BTS) has enrolled 142 MCDA twin
pregnancies to date and previously published a study on the hair
metabolite profiles of MCDA twins with sSTIUGR (11). Yang et al. (11)
found that the hair metabolite 2-aminobutyric acid, cysteine, and
tyrosine were associated with growth retardation and antioxidant
capability. They suggested that the neonatal hair metabolites reflect the
intrauterine condition and could be used to evaluate the severity of
intrauterine ischemia and hypoxia for SIUGR twins. Recently, this study
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also reported that the selective fetal growth restriction within twins was
characterized by a reduced abundance of Enterococcus, Acinetobacter,
cysteine, and methionine levels in newborn fecal samples (12). Finally,
the Chongqing longitudinal twin study (LoTiS) has recruited over 300
pairs of twins from pregnancy, with follow-up to 3 years of age (13, 14).
To date the LoTiS team have published several studies, including a
metabolomic study on MCDA twins with selective intrauterine growth
restriction (STUGR) in cord plasma and placental samples (15). Wang
etal. (15) found that abnormal amino acid, fatty acid metabolism, and
exposure to environmental xenobiotics were related to sIUGR. As
anticipated, they concluded that in utero growth discordance of MCDA
twins is caused by environmental rather than genetic factors. Such
studies are relatively rare, and the relevance of findings across different
geographical and ethnic settings remains unclear.

Metabolomics examines the collection of small molecular
compounds involved in the metabolism of organisms that involves
maintaining organisms normal function and growth. Small
differences in gene sequence or expression as a result of environmental
influence are often amplified at the metabolite level. The analysis of
metabolites can therefore reveal valuable information on biochemical
pathways and mechanisms associated with specific phenotypes (16—
18). In relation to MCDA twins at birth, this has the potential to
identify intrauterine biochemical processes subject to environmental
influence in pregnancy.

This international collaborative study aimed to investigate the
metabolic changes of umbilical cord in uncomplicated MCDA twin
pairs associated with discordance in birth weight (within-pairs), with
a secondary aim to explore the influence of ethnicity and geographic
location on metabolomic profile (between-pair).

2 Materials and methods
2.1 Study participants

We chose three groups of healthy genetically identical diamniotic
twins without pregnancy complication (e.g., GDM, PE, or sSIUGR)

from uneventful pregnancies for this study (summarised in Table 1),
which varied according to ethnicity and/or geographical location. This
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TABLE 1 Comparison of clinical characteristics among Melbourne, Beijing, and Chongging twin groups.

10.3389/fnut.2023.1259777

Characteristics and p-value p-value

pregnancy outcomes (PETS vs. (LOTiS vs.
LoTiS) BTS)

Maternal age (years)* 32.5+5.0 31.8+3.9 29.6+3.7 0.601 0.031 0.058

Gestational age at delivery (wks)" 36 (34, 37) 36 (35, 37) 36.5 (35, 37) 0.969 0.459 0.478

Body mass index (kg/m?)® 25.25(22.3,27.6) 21.7 (19.5,25.3) 21.075 (18.2, 23.0) 0.027 0.001 0.332

Neonatal sex* 0.123 0.845 0.326

Male 10 (38.5%) 16 (64%) 10 (45.5%)

Female 16 (61.5%) 9 (36%) 12 (54.5%)

IVF-ET/natural conception® 0.673 0.827 0.333

IVF-ET 4 (15.4%) 6 (24.0%) 2(9.1%)

Natural conception 22 (84.6%) 19 (76.0%) 20 (90.9%)

Ethnicity* <0.001 <0.001 1

European-Australian ancestry 26 (100%) 0 (0%) 0 (0%)

Chinese Han 0 (0%) 25 (100%) 22 (100%)

Delivery® 1 1 1

Cesarean 26 (100%) 25 (100%) 22 (100%)

Vaginal 0 (0%) 0(0%) 0(0%)

Average birth weight (g)" 2428.75 (2112.5, 2747.5) 2,480 (2180.0, 2695.0) 2,560 (2376.3, 2848.8) 0.985 0.159 0.107

Birth weight discordance of twin (g)" 250 (144.5, 444.8) 200 (110.0, 280.0) 165 (65.0, 227.5) 0.12 0.015 0.249

*Student’s t-test.
"Mann-Whitney U test (median).

Chi-square test; IVF-ET, in vitro fertilization & embryo transfer. Data are presented as mean * standard deviation, median (25th percentile, 75th percentile), or 7 (%).

included 26 MCDA twin pregnancies from the Peri/postnatal
Epigenetic Twin Study (PETS), recruited from three Melbourne
hospitals between January 2007 to September 2009 as previously
described (19). A total of 22 MCDA twin pregnancies were similarly
recruited from The First Affiliated Hospital of Chongqging Medical
University between June 2017 to June 2019 as part of the LoTiS (14).
The final group of 25 MCDA twin pregnancies was recruited from the
Peking University Third Hospital between September 2017 and
December 2018 as part of BTS. Women pregnant with twins were
recruited for research at the gestational age of 12-16 weeks and
followed by a routine ultrasound examination every 2 weeks post-
recruitment. All PETS participants were of European-Australian
ancestry, while Chinese participants were all of Han ancestry. Genetic
data were not available for either Chinese twin cohort study. The
chorionicity of the twin pregnancies was determined via ultrasound
or confirmed by experienced obstetricians during delivery. The
delivery mode for all participants was cesarean section. MCDA twins
with a discordance in fetal birth weight of greater than 20% were
excluded from this study. Umbilical cord blood was collected and
processed into plasma for all twins within 2h after delivery (11, 15).
Data on conception method for LoTiS and BTS cohorts was obtained
from medical records, while this was collected by questionnaire in
PETS. Since only IVF and natural conception information were
available across all three cohorts, we focused on these two variables.
This study was carried out in accordance with the principles set out in
the Declaration of Helsinki and approved by the Ethical Committee
of Chongging Medical University (201530), and the Ethical
Committee of Peking University Third Hospital. PETS was carried out
with appropriate human ethics approvals from the Royal Women’s
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Hospital (06/21), Mercy Hospital for Women (R06/30), and Monash
Medical Centre (06117C), Melbourne. Informed consent was obtained
from each participant.

In total, four different comparisons were undertaken to identify
metabolites associated with specific outcomes or exposures
(summarized in Figure 1), including location-specific metabolite
measures (comparison 1) and within twin pair investigation of birth
weight discordance (comparisons 2-4).

2.2 Sample collection

For LoTiS, 4mL of blood was collected from each of the two
umbilical veins into EDTA-coated blood collection tubes. These were
centrifuged twice at 3,000 rpm for 10 min at 4°C. For BTS, 5mL of
blood was collected from each of the two umbilical veins into EDTA-
coated blood collection tubes. These were then centrifuged twice at
1,650rpm for 10min at 4°C. For PETS, up to 20mL of venous
umbilical cord blood was collected into EDTA-coated tubes and
processed by centrifugation at 1,500 rpm for 10 min. In all studies,
blood processing was done within 2-3h of collection and plasma
aliquots were stored at —80°C.

2.3 Metabolite extraction of the cord
plasma

0.3 pmol of 2,3,3,3-d4-alanine (internal standard) was added to
each plasma sample (150 uL). Subsequently, 510 uL of pre-chilled
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PETS

Selection criteria: {n=250)
1. Only MCDA twins

2. Complete clinical characteristic

for mother and twins

3. Without maternal complications (n=26)

or comorbidities

4. No infant adverse outcome
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FIGURE 1

Comparison 1

In total, 692 women pregnant with twins were recruited into three independent longitudinal twin cohorts. Of these, 73 pairs of MCDA twin met the
selection criteria in the current study. This included 26 PETS, 25 BTS and 22 LoTiS twin pairs, respectively. Comparison 1 compares the cord blood
metabolite profiles of PETS, BTS and LoTiS twin groups as a whole. Comparisons 2—4 discriminated metabolites differing between the larger and the

smaller twins in each of PETS, BTS and LoTiS groups, respectively.

methanol was added and frozen at —20°C for 30 min to facilitate
protein precipitation. Plasma supernatants were then centrifuged at
12,000rpm for 15min at 4°C and dehydrated in a SpeedVac
(Labconco, United States) at room temperature for 7h, followed by
storage at —80°C until chemical derivatization.

2.4 Methyl chloroformate derivatization
and gas chromatography-mass
spectrometry analysis

The extracted samples were chemically derivatized via the methyl
chloroformate (MCF) derivatization method, in accordance with the
protocol published by Smart et al. (20). MCF derivatized compounds
were examined by an Agilent GC-7890B system coupled to a
MSD-5977A mass selective detector with the electron impact voltage
set at 70eV. The GC column used for metabolite separation was the
ZB-1701 GC capillary column (30m x 250 pm id X 0.15 pm with 5m
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guard column, Phenomenex). The GC temperature was programmed
according to the recommendations of Han et al. (21).

2.5 GC-MS data mining and data
normalization

Metabolomics data were generated in the same lab but at different
times. To minimize any impact of batch effects, all samples were
prepared using an identical protocol and mass spectrometry approach
that included common standards and data normalization approach.
Deconvoluting overlapped chromatograms were achieved via the
automated mass spectral deconvolution and identification system
(AMDIS) (22). Metabolite identifications were then conducted using
the in-house MCF mass spectral library established by Silas Villas-
Boass metabolomics laboratory (20). Specific metabolites were
identified based on both their mass spectra matching the mass spectral
library and correct chromatographic retention time. The relative
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concentration of identified metabolites was extracted using MassOmics
R package (23) that selected the peak height of a chosen reference ion
within a correct retention time window. To minimize batch effects
associated with the three independent cohorts, metabolomics data
from all samples were normalized together. This was done by
normalizing independent metabolite levels to the relative level of the
internal standard (2,3,3,3-d4-alanine) in the corresponding sample. The
differential dilution of plasma metabolites was corrected by the sum of
all ion intensities in a spectrum (TIC). Batch variation was minimized
using a sample central median approach by which the median of
normalized samples was first determined for each batch independently,
then each of the 3 batch medians was aligned into a fixed value, and the
distribution of metabolite levels was adjusted accordingly.

2.6 Statistical analyses

2.6.1 Baseline statistics

To investigate prenatal clinical characteristics among the pregnant
subjects from Chongging, Beijing, and Melbourne, student’s t-test was
used to compare normally distributed data, including maternal age.
The non-parametric Mann-Whitney U test was used to compare
non-normally distributed data, which consisted of gestational age at
delivery, maternal body mass index (BMI), birth weight discordance,
and birth weight. A chi-square test was applied for categorical
variables such as neonatal sex and method of conception.

2.6.2 Metabolomics analysis

Metabolomics analyses were calculated using individual twin
metabolite profiles. Logistic regression, principal component analysis
(PCA), and partial least squares discriminant analysis (PLS-DA) with
leave-one-out cross-validation (LOOCV) were performed to compare
the umbilical cord plasma metabolome profiles among the three
groups of twins as well as for within-pair comparisons in each group
using Metaboanalyst 3.0 package for R (24). Mathematical models
such as logistic regression (LR), random forest (RF), decision tree
(DT), artificial neural network (ANN), support vector machine
(SVM), naive bayes (NB) and K-nearest neighbors (KNN) were used
to make decisions and classify within larger and smaller co-twin pairs
(comparison 2-4). A Venn diagram was plotted using OmicShare
tools."! In addition, logistic regression was employed to model
differences among Melbourne twins, Beijing twins, and Chongqing
twins using the general linear model (glm) in R to identify significant
metabolites (p-value cut off <0.05 and g-value cut off <0.05,
comparison 1). The logistic regression models were also adjusted to
account for potential confounding factors BMI and maternal age.
Generalized estimating equation (GEE) modeling was implemented
to identify umbilical cord plasma metabolites correlated with birth
weight discordances within twin pairs, while the correlation between
twin pairs using the average birth weight of the twins. Metabolic
pathways linked to specific metabolites of interest were reconstructed
based on the MetScape addon through Cytoscape (Version 3.9.1). The
graphic illustrations of heatmaps, line graphs, and chord plots were
created using ggplot2 and GOplot R-packages (25).

1 http://www.omicshare.com/tools
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3 Results
3.1 Twin cohort characteristics

Clinical characteristics of the study population are shown in
Table 1. There were no significant demographic differences observed
between LoTiS and BT'S twin groups. Maternal age, gestational age at
delivery, neonatal sex, IVF-ET/natural conception, average birth
weight and birth weight discordance of twins were similar between
PETS and BTS, while maternal BMI was significantly higher in the
PETS pregnancies relative to BTS (p=0.027) and LoTiS (p=0.001).
Maternal age and birth weight discordance of twin pairs were also
significantly higher in PETS relative to LoTiS (p=0.031, and p=0.015
respectively). Despite the neonatal gender having a bias towards one
sex in PETS and BTS twin cohort, no obvious difference in neonatal
sex was observed when analyzing cord blood metabolome as showed
in Supplementary Figures S1IA-C.

3.2 Metabolomic differences in umbilical
cord blood between large and small
fetuses from the same region

Several approaches were employed to identify metabolites associated
with birth weight discordance within pairs. Firstly, partial least squares
discriminant analysis (PLS-DA) of the metabolite profile of large vs.
smaller twins was carried out within each study. In all three cohorts, a
substantial overlap was observed between large and small fetuses. This
revealed relatively minor differences between the large and small twins
as groups in all three cohorts (Supplementary Figure 52). We also applied
seven different machine-learning approaches to shortlist metabolites in
order to classify the larger and smaller co-twins within a pair (Figure 2).
SVM computed the best area under the ROC curve (AUC) of 0.67 for
discriminating PETS co-twins (comparison 2) based on creatinine, BHT,
glutathione, adipic acid, adrenic acid and levulinic acid levels. In contrast,
LR produced the best AUC of 0.86 for discrimination of larger vs. smaller
co-twins in BTS (comparison 3) based on citric acid, creatinine, itaconic
acid and glutamine. Similarly, LR generated the best AUC of 0.81 for the
discrimination of larger vs. smaller co-twins in LoTiS (comparison 4)
using citric acid and octanoic acid. Among the total of 10 identified
metabolites that discriminated larger from smaller co-twin by machine-
learning approaches (Figures 2A-C), three metabolites exhibited
significant correlations with birth weight discordance within twin pairs,
as calculated by GEE regression analysis. Particularly, glutathione
showed a positive correlation with birth weight discordance in the LoTiS
(r =1.270, p <0.001), whereas levulinic acid and creatinine showed
negative correlations with birth weight discordance in the LoTiS
(r =—1.577, p =0.029) and PETS (r =—0.570, p =0.039) respectively
(Figures 2D,E). However, no common metabolite significantly correlated
with birth weight discordance across all three cohorts.

3.3 Newborn twins from different locations
show a distinct cord blood metabolomic
profile

Using principal component analysis (PCA), we observed a
distinct metabolomic profile for each of the three twin groups in
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FIGURE 2
Significant metabolites were nominated and ROC analysis by seven machine learning models of KNN, NB, SVM, ANN, DT, RF, and LR for comparison 2
(A), comparison 3 (B), and comparison 4 (C). ROC curve analysis and corresponding AUC (median with 95% confidence interval) of every model on
umbilical cord plasma. The left graphics display the metabolites ranking based on the feature importance of best classified algorithms for each
comparison (comparison 2 = SVM: comparison 3 = LR; and comparison 4 = LR). (D) The correlation of average birth weight discordance within twin
pairs of umbilical cord plasma metabolites detected among Beijing, Chongging, and Melbourne groups, analyzed using a generalized estimating
equation (GEE). The red, blue, and green lines represent the 95% confidence intervals (Cl) for Beijing, Chongqing, and Melbourne groups, respectively.
The center dotted line in each column indicates O correlation; metabolites to the right of the dotted line are positively correlated with birth weight
discordance, whereas metabolites to the left of the dotted line are negatively correlated with birth weight discordance. The solid patterns indicate
(Continued)
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FIGURE 2 (Continued)

significant correlations, while hollow patterns mean non-significant correlations with p-values less than 0.05. (E) The correlation between birth weight
discordance and significant metabolite concentrations within twin pairs in Beijing (purple lines), Chongging (green lines), and Melbourne (yellow lines).
The shade around the linear regression trendline displays the 95% CI. L, larger twin; S, smaller twin; ROC, receiver operating characteristic; AUC, area
under the ROC curve; KNN, K nearest neighbor; NB, naive bayes; SVM, support vector machine; ANN, artificial neural network; DT, decision tree; RF,
random forest; LR, logistics regression; TCA, TCA cycle intermediates; S-MCFA, medium-chain saturated fatty acids; AA, amino acids and amino acid

derivatives; US-LCFA, long-chain unsaturated fatty acids; OA, organic acids.

this study (Figure 3A), which was separated clearly by PC1, PC2,
and PC3 (accounting for 74.6%, 18.6%, and 1.5% variation within
the total dataset respectively; Figure 3B). The variation captured by
PC1 and PC2 was largely attributable to differences between PETS
twins relative to the two Chinese twin groups (LoTiS and BTS),
although PC3 was also associated with study location (Figure 3C).
A negative correlation was found between maternal BMI and both
PC1 and PC2, while gestational age at delivery and average birth
weight showed a negative correlation in PC5 (Figure 3C). No
significant associations or correlations of the estimated principal
components were observed with maternal age, mode of conception,
gestational age at delivery, infant sex, birth weight, or birth weight
discordance of the cohorts combined (Figure 3C). Furthermore, the
unique or shared metabolites among the three regions were
visualized using a Venn diagram (Figure 3D). A total of 42
metabolites showed statistical significance across all regions.
Nineteen, eleven, and seven metabolites exhibited shared
significance in the PETS-BTS & PETS-LoTiS, BTS-PETS &
BTS-LoTiS, and LoTiS-PETS & LoTiS-BETS comparisons,
respectively. Only one discriminating metabolite was unique to the
comparison between BTS and LoTiS twins.

We next identified specific metabolites associated with each
cohort and plotted a heatmap of those with a p-value <0.05 using
logistic regression for the difference between groups. All amino acids
and amino acid derivatives (except phenylalanine) and TCA cycle
intermediates (except citric acid) were found to be at higher levels in
twins of Chinese ethnicity (BTS and LoTiS) relative to the largely
European PETS twins, while xanthine (caffeine), fatty acids,
phenylalanine and citric acid were significantly lower in BTS and
LoTiS relative to PETS (Figure 4A).

In contrast, margaric acid, 11,14-eicosadienoic and
9-heptadecenoic acid showed significantly specifically lower levels
in LoTiS (p-value less than 0.05 in LoTiS vs. BTS or PETS)
(Figure 4C; Supplementary Figure S3), and glutathione, tyrosine,
gamma-Linolenic acid, 3-hydroxyoc-tanoic acid were higher
(Figures 4C,E). Finally, BTS-specific metabolites, with p-values less
than 0.05 (BTS vs. LoTiS or PETS), included linoleic acid,
3-methyl-2-oxopentanoic acid, 4-methyl-2-oxopentanoic acid,
tridecane, and succinic acid that were higher, while octanoic acid,
decanoic acid, glyoxylic acid and tryptophan were lower in BTS
twins (Figures 4D,F).

3.4 Metabolites associated with average
birth weight in three twin cohorts

Of the 33 total metabolites found to be variable across cohorts
(Figure 5), 11,14-eicosadienoic showed a significant positive
association with the average birth weight in all three groups by GEE
analysis, whereas 3-hydroxyoctanoic acid was positively associated
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with the average birth weight in both Chinese twin groups and
histidine was positively associated with the average birth weight in
LoTiS and PETS twins (Figure 5; Supplementary Figure 54). We found
caffeine, hexanoic acid, and glycine were to be significantly positively
correlated with the average birth weight in the BTS, while gamma-
linolenic acid, linoleic acid, decanoic acid and octanoic acid were
positively correlated with the average birth weight in LoTiS (Figure 5;
Supplementary Figure S4). Tryptophan was significantly positively
correlated with the average birth weight in PETS, while 2-aminobutyric
was significantly negatively correlated with the average birth weight
in PETS. 4-methyl-2-oxopentanoic acid and 3-methyl-2-oxopentanoic
acid were significantly negatively correlated with the average birth
weight in PETS (Figure 5; Supplementary Figure 54).

3.5 Pathway analysis of specific metabolites
associated with birth weight discordance

Based on changes in cord blood metabolites, we annotated
metabolic pathways using the KEGG metabolic framework. The
analysis of predicted metabolic pathway activities for comparisons
1-4 is shown in Figure 6A. Most differential metabolic pathways
were found in comparison 1. Particularly, caffeine metabolism,
nicotinate and nicotinamide metabolism, valine leucine and
isoleucine metabolism, alanine aspartate and glutamate
metabolism, glyoxylate and dicarboxylate metabolism, and TCA
cycle were downregulated in LoTiS and BTS, whereas these
pathways were upregulated in PETS. And we found tyrosine
metabolism, lysine degradation, glycine serine and threonine
metabolism, phenylalanine tyrosine and tryptophan metabolism,
and glutathione metabolism were higher metabolic activity in
LoTiS relative to both BTS and PETS. Similar metabolic changes
were observed within larger and smaller co-twin pairs in
comparisons 2-4. In addition, chord plots were used to link the
differentiated metabolites into significant metabolic pathways in

each of the four comparisons (Figures 6B-E).

4 Discussion

In this study, we compared the umbilical cord blood plasma
metabolome of MCDA twins derived from different regional, ethnic,
and cultural contexts and explored the link of specific metabolites to
birth weight. Umbilical cord plasma from the largely European PETS
twins (Melbourne, Australia) exhibited profound disparity compared
to those of Chinese origin (LoTiS and BTS). This was associated with
significantly higher levels of caffeine, saturated fatty acids, and
phenylalanine in PETS. On the other hand, several metabolites, such
as glutathione, gamma-linolenic acid, and tyrosine, were highest in
LoTiS (relative to PETS or BTS), while succinic acid and tryptophan
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FIGURE 3

(A) Principal component analysis (PCA) of umbilical cord metabolite profiles for cord blood plasma from PETS (Melbourne; red), BTS (Beijing; green)
and LoTiS (Chongging; blue) twins. (B) Scree plot showing the relative contribution of PC1-8 to variation within the metabolomic dataset. (C) PCA trait
correlation shows the degree of correlation of known traits to variation within PCs 1-8, with associated p-value (*p <0.001). Shading denotes the
direction and strength of correlation. (D) Venn diagram of differential metabolites (p <0.05).

were highest and lowest in BTS, respectively. It is highly likely that
these metabolic discrepancies in blood plasma at birth are influenced
by a range of factors including genetic and ethnic differences, dietary,
and lifestyle factors.

4.1 Higher caffeine levels in PETS newborn
plasma may derive from both intrinsic and
dietary/lifestyle factors

Caffeine readily crosses the placental barrier, exposing the
fetus to a concentration similar to maternal systemic levels (26, 27).
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In adults, caffeine is metabolized in the liver to paraxanthine,
theobromine, and theophylline by cytochrome P450 enzymes.
However, this system is not fully developed until infancy, so the
clearance of fetal caffeine is fully dependent on maternal
metabolism (28, 29).

The half-life of caffeine within the maternal circulation is
extended from 5h to about 18h by the third trimester of
pregnancy, which could rise to three times higher caffeine levels
relative to non-pregnant women by the end of pregnancy (30, 31).
However, this is unlikely to be relevant here, where no significant
differences in gestational age were reported across twin cohorts.
The higher level of plasma caffeine in PETS MCDA twins
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compared with LoTiS and BTS (Figure 4A) and the associated
downregulation of caffeine metabolism in Chinese twins (LoTiS
and BTS) compared to PETS (Figure 6) are likely due to a
combination of previously reported genetic variation in enzymes
(32, 33) associated with caffeine metabolism in addition to well-
known differences in lifestyles/diets. Denden et al. (33) reported
that genetics and ethnicity also influence caffeine metabolism.
They found a significant association between genotype CYP1A2
rs762551 AA and higher coffee intake, especially in males,
younger age groups, and individuals of Caucasian ethnicity, but
not found in female, older, and Asian populations. Caffeine is
most commonly consumed via coffee as well as foods including
chocolate, cocoa foods, and some beverages (e.g., tea, soft drinks,
and energy drinks) (34). Indeed, caffeine consumption in
Australia is predominantly acquired from coffee, while in China
is mainly contributed by green tea (35). Despite both espresso
coffee and oolong tea containing between 30 and 100 mg of
caffeine, the lower caffeine intake in China perhaps may relate to
the Chinese advising pregnant and lactating women to minimize
their intake of caffeine or caffeine-containing beverages (35). In
addition, there are controversial reports regarding the relationship
between maternal caffeine intake during gestation and perinatal
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outcomes. Brent et al. (36) found that moderate to high caffeine
intake during pregnancy did not appear to elevate the risk of
congenital malformations, miscarriage, or growth restriction.
Other studies, however, concluded that both high intake
(>350mg/day) and moderate intake (150 to 349 mg/day) by
pregnant women were associated with a higher risk of delivering
infants with low birth weight (37, 38) and pregnancy loss (39).
The American College of Obstetricians and Gynecologists
recommended that pregnant women limit caffeine consumption
to less than 200 mg per day in 2010 (40). Several studies have
reported that caffeine may disrupt fetal growth by blocking
adenosine and inhibiting cyclic nucleotide
phosphodiesterase (PDE) (41). Caffeine acts as an adenosine
receptor antagonist, leading to acute maternal hypoxia (42) and
adversely impacting fetal cardiovascular and growth (43). In
addition, when PDE is suppressed by caffeine, the levels of cyclic
adenosine monophosphate (cAMP) will be elevated because PDE
degrades cAMP, which may compromise fetal growth (44).
Similarly, our study found that the Melbourne twins’ birth weight
and birth weight discordance were lower and greater than the
Chinese twins’ respectively. Reduced average birth weight and
greater birth weight discordance between larger and smaller

receptors
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displays the 95% CI.

(A) Forrest plot showing the correlation of specific metabolites of interest with average birth weight of twin pairs across BTS (Beijing), LoTiS
(Chonggqing), and PETS (Melbourne) cohorts, analyzed using a generalized estimating equation (GEE) modelling. The red, blue, and green lines
represent the 95% confidence intervals (Cl) for the association between umbilical cord plasma metabolites and average birth weight in BTS,
LoTiS, and PETS groups, respectively. Metabolites to the right of zero point (vertical dashed line) are positively correlated with average birth
weight, whereas metabolites to the left are negatively correlated. Filled symbols indicate p-values less than 0.05, while unfilled denote non-
significant correlations. (B) The linear regression between average neonatal birth weight and significant metabolite concentrations for between
twin pairs in Beijing (purple lines), Chongging (green lines), and Melbourne (yellow lines). The shade around the linear regression trendline

co-twins increase the risk of preterm birth (45), intrauterine
growth restriction (46), and infant cognitive development
retardation (47, 48). Thus, moderately reduced caffeine intake
could be recommended for pregnant women.

4.2 Elevated saturated fatty acid levels and
phenylalanine levels in PETS may
be associated with maternal obesity

Pregnant women in Melbourne exhibited a significantly
higher maternal BMI (Table 1), while their newborn twins showed
significantly higher levels of plasma saturated fatty acids, such
as hexanoic acid, dodecanoic acid, and pentadecanoic acid
compared to those of Chinese ethnicity (LoTiS and BTS)
(Figure 4). These saturated fatty acids are predominantly
acquired from animal products (butter, lard) and tropical
plant oils (e.g., coconut, palm) (49). Australians have one
of the highest proportions of saturated fats intake (13.6%) in the
world, which is almost two-fold higher than East Asian (7.4%)
(50). DiNicolantonio et al. (51) demonstrated that long-chain
saturated fatty acids including stearic acid (large quantities in
butter) and palmitic acid (found in palm oil) are more likely to
promote insulin resistance, inflammation, and fat storage.
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Another study on the association between maternal and fetal
erythrocyte fatty acid profiles reported that pentadecanoic
acids (C15:0) were detected at higher concentrations in smaller
for gestational age (SGA) infants (52). The same study also
indicated that both maternal and fetal saturated fatty acids are
negatively associated with birth weight (52). Furthermore,
phenylalanine also showed a significantly elevated level in
PETS women than (LoTiS and BTS).
Phenylalanine is rich in dairy products and meat, including eggs,
milk, and beef. Indeed, Oberbach et al. (53) demonstrated that
obese individuals have higher blood phenylalanine levels. Libert

in Chinese cities

et al. (54) also noted that plasma phenylalanine levels were
associated with obesity, metabolic dysregulation, and diabetic
pathophysiology (p <0.0001). The authors suggested that this
observation might be related to insulin resistance, the generation
of reactive oxygen species, or early end-organ dysfunction.
Furthermore, that elevated
phenylalanine levels in plasma may be related to liver dysfunction

one hypothesis suggested
associated with metabolic unwellness, resulting in decreased
phenylalanine and tyrosine metabolism (54-56). Therefore,
we propose that the high levels of saturated fatty acids and
phenylalanine in newborn plasma may reflect the higher BMI of
mothers during pregnancy. Further research should be performed

to validate our observation.
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The metabolic pathway enrichment of the umbilical cord plasma from MCDA twins. (A) Predicated metabolic pathway activities for comparisons 1-4
using log2 (fold change). The plots on the right side of O represent upregulated metabolic activity, whereas the plots on the left side of O represent
downregulated metabolic activity. The size of the dot is positively correlated with the enrichment ratio of the pathway computed by metabolite hits.
Only the significant metabolites with g-values less than 0.05 are plotted. The indications of colour are as follows: BTS (red), LoTiS (blue), PETS (green),
larger twin (purple), and small twin (orange). (B—E) Chord plots show the inter-relationship between metabolites and metabolic pathways. The four
chord plots display the role of specific metabolites of interest from comparisons 1-4 (p < 0.05) to participate in different significant metabolic
pathways.
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4.3 Differences between Chinese twins of
different geographic locations: the impact
of diet and pollution levels

Northern and southern China have divergent dietary cultures. The
main staple food of Northern Chinese is predominantly processed
carbohydrates, particularly noodles. In contrast, people in Chongqing,
located in southwest China, tend to eat more spicy foods and animal
offal. Spicy hotpot is a representative of Chongqing’s food culture. A
cross-sectional survey of obesity among Chinese adults found that the
rate of obesity among women in Beijing (northern China) was higher
than that of women in Chongging (57). Indeed, the LoTiS displayed
the lowest maternal BMI, smallest twin birth weight discordance in
this study, and highest normal newborn birth weight (Table 1).
We have also found several metabolite signatures, including
glutathione, gamma-linolenic acid, and tyrosine, that seem to reflect
the eating culture of Chongqing. Particularly, glutathione exhibited
elevated concentrations in the umbilical blood and showed a positive
correlation with birth weight discordance in the LoTiS cohort
(Figures 2D,E). Zanthoxylum bungeanum maxim. (ZBM) and
Capsicum annuum L. (CAL) are common food additives in the
Chongging hotpot. Current research has reported that capsaicin in
CAL, flavonoids, sanshool, and phenols in ZBM showed strong
antioxidant effects (58, 59). Antioxidant supplementation has been
reported to exhibit positive effects in various pathways such as
strengthening blood circulation in the endometrium, reducing
hyperandrogenism, reducing insulin resistance, and having positive
effects on prostaglandin synthesis and steroid formation (60-63).
Supplement of capsaicin in obese rats can relieve the hepatic oxidative
stress induced by a high-fat diet (64). Capsaicin was also found to
protect enzymes and proteins from radiation-induced oxidative
damages, including the important endogenous antioxidant glutathione
(GSH) (65). Studies have shown the beneficial effects of perinatal diet/
injected antioxidants on pregnancy outcomes and growth performance
of suckling kids of goats (66, 67). Many studies have reported the
synergistic antioxidant effect of ZBM and CAL (68, 69). For instance,
ZBM and CAL showed a remarkable antioxidant synergistic index
(SI=1.33) at 3:1 of ZBM/CAL ratio (70). Furthermore, tyrosine is the
amino acid that constitutes protein, animal offal, and beef. Gamma-
linolenic acid is an omega-6 fatty acid that can be produced through
linoleic acid accounting for 40%-60% of total fatty acids in sesame oil
(71), which is a common additive in Chongqing hotpot to make the
spicy taste of the food less prominent. Chongqing’s characteristic diet
is therefore likely associated with higher levels of tyrosine (linked to
various amino acid metabolism; Figure 6) and gamma-linolenic acid,
each of which was associated with higher birth weight (Figure 5A).
Thus, we speculate that antioxidant-rich diets in Chongqing women
may facilitate higher infant growth than in Beijing and
Melbourne twins.

Epidemiological studies have shown that exposure to ambient air
pollution impacts an individual’s metabolism (72). We found that the
BTS showed a higher level of succinic acid and a lower level of
tryptophan in umbilical blood (Figure 4D). Furthermore, we also
found a positive correlation between tryptophan and average fetal birth
weight in BTS (Figure 5A). Moreover, the World Air Quality Report
showed that China’s air quality has been poorer than Melbourneé’s in
recent years, with Beijing’s “dustpan-shaped” terrain combined with
heating, motor vehicle and industrial emissions making its air pollution
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more severe than Chongging’s (73). For instance, in the September
2018 China City Air Quality Report, Chongqing’s PM, ; concentration
was 26 ug/m3, and Beijing’s PM, 5 concentration was 50 pg/m3 (74).
Especially, particle matters with an aerodynamic diameter of less than
2.5um (PM, 5) have a greater impact on the health of pregnant women
(75). A study found that a 5pg/m® increase in ambient PM,
concentration during pregnancy was associated with an increased risk
of low birth weight (<2,500¢) at term [adjusted odds ratio (OR) 1.18,
95% CI 1.06-1-33] (76) Consistently, a longitudinal follow-up of 73
healthy adults living in Beijing from 2014 to 2016 found that short-
term exposure to ambient air pollution can alter the metabolic profile
and decrease plasma levels of amino acids (77). Another study showed
that middle-aged mice (10months) exposed to 3mg/kgPM,; for
4weeks elevated succinic acid levels by accelerating the tricarboxylic
acid (TCA) cycle to offset energy requirements (78).

The strengths of our study include the application of an
untargeted metabolomic approach to three uniquely diverse
populations of newborn twins. The analysis of three distinct
populations offers insights into a range of factors that may impact
the newborn metabolome, including intrinsic factors (ethnicity/
genetics), lifestyle and environment. Future analysis may benefit
from an increased sample size from each cohort and the inclusion
of further population centers from which individuals can be drawn
to increase the comprehensiveness of the study. The results
presented here from machine learning approaches represent a
training model and need to be independently validated/replicated
in other cohorts and sets of umbilical blood of twin pregnancies. In
future studies, it will be interesting to assess the impact of other
factors (such as genetic variation, socioeconomic status, or maternal
smoking) on differences in the metabolomic profile of MCDA twins
from different populations at birth. Further, the inclusion of
dizygotic twins (with variable genetic profiles), and twins of
different ages, would enable a more direct assessment of the role of
genetic factors in driving metabolic differences. Despite clear
differences in metabolites between larger and smaller co-twin pairs
according to location (e.g., antioxidants in Melbourne twins,
itaconic acid in Beijing twins, and citric acid for Chinese twins), the
specific factors leading to these distinct relationships require
further investigation. Future studies should include direct
assessments of diet and lifestyle factors, plus environmental
measures (e.g., pollution).

5 Conclusion

Our research applied a metabolomic approach to analyze the
umbilical cord blood MCDA twins from three different
populations. Large disparities in the metabolome profile between
largely European PETS twins and ethnically Chinese twins were
observed (LoTiS and BTS). This was particularly apparent for
caffeine and saturated fatty acid levels (hexanoic acid, dodecanoic
acid, and pentadecanoic acid), both higher in Melbourne twins,
while spicy diets and air pollution may be related to LoTiS and
BTS-specific metabolite levels, respectively, (Figure 7). This study
revealed that the LoTiS MCDA twins exhibited the lowest level
of discordance, primarily attributable to a combination of a
healthier diet and reduced pollution levels. Our finding suggested
that the fetal cord blood metabolome is influenced by a range of
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FIGURE 7

The influence of diet and environmental factors on the umbilical cord blood metabolome of MCDA twins between different regions.

Air pollution may contribute to a higher and lower level of succinic acid and tryptophan in BTS twin, respectively. The spicy food culture
in Chongqging may result in higher levels of glutathione, tyrosine, and gamma-linolenic in LoTiS twins' cord blood. The most abundant
caffeine levels in PETS twins could be associated with a higher coffee, coke, and chocolate intake. Furthermore, increased phenylalanine
and some saturated fatty acid levels in Melbourne twins may likely be attributed by a higher intake of dairy products, meats, and tropical
plant oils. PM,, particle matters with an aerodynamic diameter less than 2.5um; ZBM, Zanthoxylum bungeanum Maxim; and CAL,

Capsicum annuum L.

intrinsic (genetic, ethnic) and extrauterine factors such as
geographic regions, unique dietary habits, and environmental
pollution. This study provides new insights into the regional
effects of the fetal cord blood metabolome on perinatal growth
and development.
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