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Abstract A number of metabolic abnormalities have been
observed in pregnancies complicated by intrauterine growth
restriction (IUGR). Metabolic fingerprinting and clinical
metabolomics have recently been proposed as tools to
investigate individual phenotypes beyond genomes and
proteomes and to advance hypotheses on the genesis of
diseases. Non-targeted metabolomic profiling was employed
to study fetal and/or placental metabolism alterations in [UGR
fetuses by liquid chromatography high-resolution mass spec-
trometry (LC-HRMS) analysis of cord blood collected soon
after birth. Samples were collected from 22 TUGR and 21
appropriate for gestational age (AGA) fetuses. Birth weight
differed significantly between IUGR and AGA fetuses (p<
0.001). Serum samples were immediately obtained and
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deproteinized by mixing with methanol at room temperature
and centrifugation; supernatants were lyophilized and recon-
stituted in water for analysis. LC-HRMS analyses were
performed on an Orbitrap mass spectrometer linked to a
Surveyor Plus LC. Samples were injected into a 1.0x150-
mm Luna C18 column. Spectra were collected in full-scan
mode at a resolution of approximately 30,000. Data were
acquired over the m/z range of 50-1,000, with measurements
performed in duplicate. To observe metabolic variations
between the two sets of samples, LC-HRMS data were
analyzed by a principal component analysis model. Many
features (e.g., ionic species with specific retention times)
differed between the two classes of samples: among these, the
essential amino acids phenylalanine, tryptophan, and methi-
onine were identified by comparison with available databases.
Logistic regression coupled to a receiver-operating character-
istic curve identified a cut-off value for phenylalanine and
tryptophan, which gave excellent discrimination between
IUGR and AGA fetuses. Non-targeted LC-HRMS analysis
of cord blood collected at birth allowed the identification of
significant differences in relative abundances of essential
amino acids between [IUGR and AGA fetuses, emerging as a
promising tool for studying metabolic alterations.

Keywords IUGR - Metabolomics - HRMS - Essential amino
acids - Tryptophan - Phenylalanine

Introduction

Intrauterine growth restriction (IUGR) is defined by the
American College of Obstetricians and Gynecologists [1] as
an ultrasound estimated fetal weight (EFW) less than the
10th percentile for gestational age. Regulation of fetal
growth is multifactorial and complex. Several factors,
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including genetic (intrinsic fetal conditions) and environ-
mental (maternal and external conditions), can lead to
IUGR and to serious consequences, e.g., activation of
adaptation systems leading to considerable fetal growth
retardation, metabolic, neuroendocrine and cardiovascular
adaptations, and early and later life consequences [2-5].

Birth weight and gestational age at birth are the most
important predictors of neonatal mortality and morbidity,
being responsible for 50% of preterm and 20% of term
perinatal deaths [6] and determining hypoxic encephalopathy
and cerebral palsy due to intrapartum distress and metabolic
acidosis [7].

Several studies suggest that low birth weight is
associated with the development of an “in utero
programmed” metabolic syndrome in adult life [2, 3].

Metabolomics, and in particular “clinical metabolomics”,
is commonly defined as comprehensive study of all LMW
metabolites (generally, <1,500 Da) expressed in tissues,
organs, or organisms and aims at evaluating and/or
predicting health and disease risk. The individual genome
and possibly epigenetic effects influence the metabolic
signatures of a candidate tissue or body fluid by environ-
mental exposure, diet behavior, and lifestyle. An advantage
of clinical metabolomics is that it adds significant new
information to the individual phenotype beyond genome
and proteome analysis, just by using a small amount of
body fluids [8—11].

The aim of the present study was to identify fetal and/or
placental metabolism abnormalities by the study of the
metabolomic profile in [UGR fetuses with non-targeted
metabolomic liquid chromatography high-resolution mass
spectrometry (LC-HRMS) analysis of cord blood collected
soon after birth, with a cohort of appropriate for gestational
age (AGA) fetuses as controls.

Materials and methods
Patient selection

A longitudinal prospective study was performed from
March to December 2009 in the Maternal Fetal Medicine
section and Forensic Toxicology and Antidoping Unit,
University of Padova. Women were enrolled in the study
during third-trimester routine fetal ultrasonography performed
to evaluate EFW, amniotic fluid volume, and placenta
location. Intrauterine growth restriction was defined as an
EFW of <10th percentile, and AGA as an EFW between the
10th and 90th percentiles, according to Italian standards
for birth weight and gestational age and confirmed at
birth [12]. The Ethics Committee of the University
Hospital approved the study, and written informed consent
was obtained from all women.
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In all patients, gestational age was determined by the last
menstrual period and confirmed by ultrasound in the first
trimester or at 18-24 weeks of gestation. Inclusion criteria
for IUGR pregnancies were: single pregnancy and neonatal
weight of <10th percentile. Inclusion criteria for AGA
pregnancies were: single pregnancy and birth weight
between the 10th and 90th percentiles. In addition, only
women undergoing cesarean section and not in labor were
considered for the study, in order to exclude labor as a
factor which may alter metabolomic results. Exclusion
criteria for both groups were multiple pregnancies, chro-
mosomal abnormalities or syndromes, congenital infection,
preeclampsia, fetal alcohol syndrome or maternal drug
ingestion, other congenital or acquired diseases leading to
postnatal growth restriction (severe cardiac malformation,
bronchopulmonary dysplasia, or severe malformations),
and large-for-gestational-age fetuses, >90th percentile.

Clinical characteristics of study population

Maternal and neonatal characteristics are listed in Table 1.
Forty-three Caucasian women met the inclusion criteria. Of
these, 22 had IUGR and 21 AGA fetuses. Median maternal
age at delivery was 32 years (range, 23-37) in the IUGR
and 30 years (range, 24-44) in the AGA group. All women
in the IUGR group were delivered by cesarean section (five
for fetal distress and five for previous cesarean section) as
were those in AGA group (21 for previous cesarean
delivery). Median gestational age at delivery for IUGR
fetuses was 38 weeks (range, 32—41.3), and median birth
weight was 2,477.5 g (range, 1,395-2,378). Median
gestational age in the AGA group was 38.3 weeks (range,
36.4-41.2), and median birth weight was 3,420 g (range,
2,650—4,200). There was a statistically significant differ-
ence in birth weight between the two groups (p<0.001).
Three TUGR neonates needed NICU hospitalization for
respiratory distress syndrome at delivery.

Sampling procedure

Fetal blood samples (0.5 mL) were obtained from the
umbilical vein from a doubly clamped segment of the cord
immediately after fetal extraction, and were collected in a
Vacutainer SST II Advance (BP Diagnostic, Belliver
Industrial Estate, Plymouth, UK) tube and centrifuged at
1,500xg for 10 min at 4 °C. Time from birth to sample
collection did not exceed 10 min. Time was recorded with a
stopwatch.

Sample preparation

Serum samples (200 pul) were immediately deproteinized by
mixing with methanol (600 ul) at room temperature, vortex
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Table 1 Clinical characteristics
of the study population

Data are expressed in median

IUGR (n=22) AGA (n=21) )4
Maternal age (year) 32 (23-37) 30 (24-44) NS
Gestational age at delivery (weeks) 38 (32-41.3) 38.3 (36.441.2) NS
Birthweight at delivery (g) 2,477.5 (1,395-2,378) 3,420 (2,650-4,200) <0.001
Apgar at 5 min 9 (7-10) 9 (7-10) NS

and range

mixed for 20 s, and incubated at —20 °C overnight.
Samples were then centrifuged (13,845xg, 15 min, 4 °C).
Supernatants were transferred to Eppendorf tubes and
lyophilized. Samples were reconstituted in 100 pl of water
prior to analysis.

Liquid chromatography coupled with high-resolution mass
spectrometry analysis

LC-HRMS analysis was performed on an LTQ-orbitrap
mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany) connected to a Surveyor Plus LC. Samples
were injected into a 1.0x150-mm Luna CI8 column
(Phenomenex, Torrance, CA, USA). Samples were
eluted at a flow rate of 0.1 mL/min, with a chromato-
graphic gradient of two mobile phases: water, 0.1%
formic acid (phase A) and methanol, 0.1% formic acid
(phase B). After an isocratic step of 1 min at 90%
phase A and 10% phase B, a linear gradient from 10%
to 100% B was run over the next 35 min, with a
mobile phase flow of 0.1 mL/min. A 10-ul sample
volume was injected into the column. An electrospray
source was used, working in positive ion mode. For the
positive ion detection mode, the sheath gas was set at
13 (arbitrary units) and the auxiliary gas at 29 (arbitrary
units), and capillary temperature was 275 °C. The spray
voltage and tube lens voltage were 4,500 and 85 V,
respectively. Lens parameters were optimized with a
tune solution containing 14 metabolites (cystine, argi-
nine hydrochloride, arginine, tryptophan, lysine mono-
hydrochloride, lysine, tyrosine, serine, valine, leucine,
asparagine, glutamic acid, methionine, and histidine) at
a concentration of 1-3 mmol/L and infused at 5 pL/min. Gas
flows were then optimized with the same compounds but with
a 0.1-mL/min HPLC flow. Orbitrap calibration was performed
in the positive ion mode. Spectra were collected in full-scan
mode at a mass resolution of approximately 30,000 (full width
at half maximum of peak, FWHM). Data were acquired over
the m/z range of 50-1,000 at a speed of 0.45 s/scan
(2 pscans). Measurements were performed in duplicate (two
injections from the same sample), to account for any
analytical variability.

All data were processed with Qualbrowser (Thermo
Fisher) and its chemical formula generator was used to
provide elemental compositions.

Raw data from analysis were transformed to peak tables
by XCMS software (http://massspec.scripps.edu/xcms/
xcms.php), including statistical tools (see below).

Statistical analysis
Data pre-processing

Raw LC/MS data were preprocessed for untargeted metabolite
profiling with the open-source package XCMS [13], written
in R statistical programming language, available at Metlin
Metabolite Database and the Bioconductor Bioinformatics
Project [14]. Peak matching and single-step retention time
alignment of all samples were obtained automatically, and a
matrix of aligned peaks was produced in .tsv format. Values
close to zero due to baseline noise were filtered and excluded
since these values can interfere with computational
algorithms in further data analysis.

Peak detection was performed at a minimum peak width
of 1 ppm, a noise threshold of 5, and a subtraction multiple
factor of 1.5. Alignment involved a 10-ppm mass tolerance
and a 0.1-min retention-time tolerance.

Any relationships between pairs of variables were
tested by least squares linear regression, quantified by
Pearson’s correlation coefficient 7, considered significant
for p<0.05.

Univariate analysis

To identify the most significant differences between IUGR
and AGA data points, univariate statistical analysis was
first used. Filtering procedures, such as fold-change
analysis and ¢ tests were applied, followed by a volcano
plot, with a fold-change threshold of 2 and a ¢ test threshold
of 0.1. Significantly different data at the probability level of
p<0.05 were used for further procedures of multivariate
analysis, to obtain identification of relevant biomarkers.

One-way ANOVA was used to detect differences
between the two groups. Differences were judged
statistically significant at p<0.05.

Multivariate analysis

Multivariate analysis allows the limitations of simple visual
examination of spectra profiles to be overcome since it
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works on the entire set of variables (i.e., the relative
abundances of all ionic species detected) and often allows
satisfactory exploratory analysis of the complete metabolite
fingerprints of the species examined [15].

Cluster analysis In order to group spectra, cluster analysis
was initially used. Various clustering algorithms, both
hierarchical and non-hierarchical, running under R, were
tested in a preliminary assessment of the data, such as
average linkage (with centroids of measurements), com-
plete linkage (with the farthest pair of observations from
two groups), single linkage (with the nearest pair of data),
Ward’s method (minimizing the sum of squares of any two
clusters), k-mean clustering, and a self-organizing map.
Distance indices were determined by Euclidean distance.
Hierarchical clustering was performed with the hclust
function in R package stat. Results were presented as
dendrograms or heat maps.

Principal Component Analysis Principal component analysis
(PCA) was obtained with an R prcomp package, based on a
single-value decomposition algorithm. The covariance matrix
and standardized principal component score were selected.
The first three components were considered for data

100

90 Sample #1

Relative Abundance

classification. Both 2D and 3D scatter plots were obtained
to display the results of analysis.

Receiver-operating characteristic curve

The relationship between a true positive rate (sensitivity)
and a false-positive rate (1 specificity) for various cut-off
values of abundance of the examined ionic species was
evaluated with the receiver-operating characteristic (ROC)
curve and AUC calculation [16].

Metabolite identification

The metabolites of possible importance found by LC-
HRMS spectrometry were compared with those stored
in the Scripps Center for Mass Spectrometry (http://
metlin.scripps.edu/), Mass Bank Database (http:/www.
massbank.jp/en/database.html) and Human Metabolome
Database (http://www.hmdb.ca/). The identities of metabo-
lites of particular interest were confirmed by comparison of
their retention times, accurate mass spectra, and high-
resolution MS/MS information to those of authentic
chemical standards.

33.66 NL:
4.58E8
TIC MS
090429

o o

20 25 30 35

Time (min)

Fig. 1 Total ion chromatogram (7/C) obtained for IUGR sample #1
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Results
LC-HRMS data

A first set of samples was analyzed in both negative
and positive ion mode; the positive ion mode revealed a
better sensitivity and increased the number of com-
pounds detected. For this reason, the data from negative
ion mode were not used in this study and the remaining
samples were analyzed by using only positive ion
detection mode. A sample of an ion chromatogram
(total ion chromatogram) of one IUGR sample was
reported in Fig. 1.

Ionic species profiles detected by LC-HRMS measure-
ments revealed 864 spectral bins, which were implemented
in a data matrix and statistically analyzed. Following pre-
processing procedures, several species were discarded, as
the algorithm used considered them within baseline noise.
After filtering for this, a total of 648 ionic species remained
and was subjected to multivariate analysis.

Univariate analysis

The most important features of the spectra were selected
after a significant ¢ test, fold-change analysis, and volcano

Fig. 2 3D scatterplot of the first
three principal components in
PCA conducted on all the ionic

plot. Most of the ionic species with their specific retention
times (about 85%) were found to differ significantly
between the serum samples obtained from the two classes
of patients.

Multivariate analysis

Cluster analysis performed on all detected ionic species
permitted to distinguish two main classes (see Fig. S1 in the
Electronic supplementary material) which separated the two
groups quite well. PCA analysis on the same data (Fig. 2)
confirmed the trend indicated by cluster analysis: TUGR
were located differently from AGA fetuses in the three-
dimensional Euclidean space representing the first three
principal components (explaining about 72% of total
variance). Several ionic species were identified by comparison
with available metabolite databases (Table 2). Focusing on
these data, a simple visual inspection revealed totally
different patterns of abundance in the two fetal groups (Fig.
S2 in the Electronic supplementary material). The detailed
distribution of the ionic species is shown in Fig. 3: all
(except kynurenine and the dipeptide phenylalanyl—
phenylalanine) were found to differ significantly between
the two groups (ANOVA, p<0.0001; for caffeine only, p=
0.0028). Cluster analysis of these species discriminated
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® IUGR
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Table 2 Identified ionic species, with respective specificity and sensitivity of their diagnostic discriminant ability, obtained with ROC curve

analysis
Identification type ~ Metabolites Label, according AUC? Cut-off Specificity ~ Sensitivity
to XCMS software abundance (%) (%)
Definitive Valine CsH;;NO, M118T89 0.055556 54,334,841 96 69
Definitive Isoleucine CgH;3NO, MI132T109 0.055556 183,967,098 96 69
Definitive Glutamate CsHoNO, MI148T88 0.064583 723,357 85 91
Definitive Methionine CsH;;NO,S MI150T91 0.063889 747,089 96 84
Definitive Dopamine CgH;;NO, MI154T113 0.065278 24,027,148 81 96
Definitive Hystidine CcHoN3O, MI56T78 0.0625 2,616,953 71 100
Definitive Proline CsHoNO, M116T89 0.054167 10,827,974 96 69
Definitive Phenylalanine CoH;;NO, M166T157 0.068056 118,841,665 89 100
Definitive Uric acid CsH4N405 M169T71 0.058333 1,866,553 54 97
Definitive Caffeine CgH;oN4O; M195T564 0.059028 4,257,749 75 81
Putative 5-Methyl-2-undecenoic acid C;,H,,0,> MI199T1878 0.065278 2,474,492 96 81
Definitive Tryptophan C;;H;,N,0, M205T219 0.066667 159,059,405 86 100
Definitive Kynurenine C;oH;,N,O3 M209T132 Nd Nd nd nd
Definitive leu pro C;;H,oN,0;3 M229T92 0.067361 1,489,723 96 91
Definitive L-Thyronine C;sH;sNOy4 M274T93 0.060417 44,019,994 96 69
Definitive Oleic acid C,3H340, M283T1984 0.065278 1,035,372 86 94
Definitive Hexadecanedioic acid C;¢H3004 M287T1879 0.065278 1,035,372 96 69
Putative PHE PHE C,3gH,(N,05° M313T768 Nd Nd nd Nd
Putative Arg cys asn Cy3HysN705S° M392T1941 0.063194 1,820,121 82 97
Putative ARG PHE ARG C,;H35No0O,° M478T2012 0.066667 5,996,730 96 84
Putative TRP ARG ARG C,3H36N;,0," MS517T1958 0.064583 14,451,441 82 100
Putative 1-Hydroxyvitamin D3 3-D- MS577T1978 0.061806 8,384,333 79 94

glucopyranoside C33Hs,04°

The ionic species with particular features in discriminating the two groups, suggesting relevance as markers are shown in bold

nd not determined (due to lack of fit to logistic model), M nominal mass, 7 retention time

#The area under the ROC curve (AUC) indicates the ability of the test to discriminate between subjects. An area of 1 indicates perfect accuracy
with 100% sensitivity and 100% specificity; an area of 0.5 indicates casual assessment. AUC 0.90—1.00 is considered excellent, 0.80—0.90 good,
0.70-0.80 fair, 0.60—-0.70 poor, and 0.50-0.60 failing. The cut-off values at various relative abundances of m/z were evaluated to find the best

combination of sensitivity and specificity

® Putative metabolite did not match with the accurate mass and retention time of an authentic standard but to the accurate mass only

quite well between the two fetal groups, showing also the
occurrence of a cluster among some of the ionic species

(Fig. 4).
ROC curve

Logistic regression coupled with an ROC curve applied to each
ionic species led to appreciable accuracy in discriminating
IUGR and AGA fetuses. The area under the curve was elevated
for most species, suggesting excellent accuracy in
discriminating between IUGR and AGA, with high
specificity and sensitivity (Table 2) at the indicated cut-
offs. It should be noted that two metabolites, identified as
phenylalanine and tryptophan, discriminated excellently
between IUGR and AGA (specificity of 89% and 86%,
respectively; sensitivity was 100% for both). As an

@ Springer

example, logistic regression and the ROC curve for
phenylalanine is shown in Fig. S3 in the Electronic
supplementary material. Most of the identified metabolites
were also significantly correlated, as indicated by the
multiple correlations of pairwise scatter plot in Fig. S4 in
the Electronic supplementary material.

Fig. 3 Box plot of the distribution of abundances of most relevant P>
ionic species detected and identified in spectra from IUGR or AGA
patients. The ends of the box represent the 1st and 3rd quartile,
respectively. The line across the middle of the box indicates the
median value. The whiskers extend from the ends of the box to the
outermost data point that falls within the distances computed as (upper
quartile+ 1.5 % (interquartile range)) and (lower quartile— 1.5 x (interquartile
range)). All data were significantly different in the two groups at
»<0.0001 (ANOVA), except caffeine (ionic species M195T564) for
which p=0.0028; kynurenine (M209T132) and phenylalanine—
phenylalanine (M313T768) were not significantly different
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Fig. 4 Dendrogram and heatmap following cluster analysis on the 22
relevant ionic species identified in blood samples from IUGR and
AGA fetuses (see Table 2). Clustering was obtained with Ward’s
algorithm using Euclidean distance. Abundance values for each
variable are on a graduated color scale from blue (lower value) to
gray to red (higher value). The dendrograms, provided for both
patient’s and metabolite’s variables, show the possibility to separate
quite well the two groups of patients just using the indicated
metabolites. The heatmap, representing each variable’s abundance
with a color intensity, gives at a glance the data distribution, and
makes possible to recognize that some metabolites vary more among
patients, and therefore they maybe more appropriate as possible
markers of disease

Discussion

It is generally accepted that IUGR is associated with a
reduction in oxygen and nutrient supply across the placenta,
and a number of metabolic abnormalities have been
reported in pregnancies complicated by ITUGR [17].

The present study highlights the fact that IUGR and
AGA fetuses can be accurately discriminated according to
the ionic species detected through LC-HRMS analysis in
serum obtained from cord blood, which shows statistically
significant differences (significant ¢ test, fold-change,
volcano plot and cluster analysis). In particular, 22
metabolites, identified by comparison with the available
metabolomic databases (Table 2), had an excellent ability
to discriminate between IUGR and AGA fetuses, mea-
sured by logistic regression analysis and an ROC curve
(Fig. 3). Of these 22 metabolites, seven are alpha-amino
acids. These finding were partially expected considering
the recent literature evidencing the increse in essential
amino acids when placental villous from small for
gestational age [18] or serum from preeclampsia-
diagnosed women [19] are analyzed by an analogous
metabolomic strategy. However, our results are the first
pertaining the cord blood metabolomic profiling, and they can
help widening the knowledge of both pre-eclampsia and
growth retardation phenomenon. As shown in Table 2 and
Fig. 3, the best predictors (independently considered) were
phenylalanine, tryptophan, and glutamate, with sensitivity
ranging from 91% to 100%, and specificity between 85%
and 89%. All amino acids were up-regulated in IUGR
samples compared with AGA.

In humans, phenylalanine and tryptophan are both
essential amino acids which must be supplied in dietary
proteins. Once in the body, phenylalanine may follow any
of three pathways. It may be (1) incorporated into cellular
proteins, (2) converted to phenylpyruvic acid via amino
acid oxidase or tyrosine amino transferase, or (3) converted
to tyrosine via phenylalanine hydroxylase. Tyrosine can be
converted into L-DOPA, which is further converted into
dopamine, norepinephrine (noradrenaline) and epinephrine

(adrenaline). Deficiencies in phenylalanine hydroxylase are
responsible for the commonest form of phenylketonuria
(PKU) in humans. Tryptophan functions as a biochemical
precursor for serotonin, which is synthesized via tryptophan
hydroxylase. Serotonin, in turn, can be converted to
melatonin, via N-acetyltransferase and 5-hydroxyindole-O-
methyltransferase activity. Kynurenine is the first key branch
point intermediate in tryptophan’s catabolic pathway, as
shown in Fig. 5.

Several studies have compared the amino acid profiles of
IUGR vs. AGA fetuses. Five were performed in human
fetuses [20-24] and three in animals [25-27]. The most
recent [18] was performed in vitro in placental tissues
exposed to different O, tensions.

Paolini et al. [20] were the first to study amino acid
placental transport in [IUGR pregnancies and detected a
decrease (downregulation) of phenylalanine in fetal
plasma obtained after cordocentesis; they also reported
lower concentrations of leucine, glycine, and proline in
IUGR compared with AGA fetuses. Whereas de Boo et
al. [25] reported no differences in phenylalanine and
tyrosine concentrations between IUGR and AGA ewes,
Morris et al. [22], in their study on free amino acid
concentrations in normal and abnormal third-trimester
placental villi, found increased phenylalanine in ITUGR
with respect to AGA humans. More recently, Horgan et
al. [18] used a metabolomic approach to study the effect
of changing O, tension on human placental metabolism in
vitro, observed upregulation of amino acids (phenylala-
nine, tryptophan, and methionine) in small for gestational
age vs. AGA conditions and suggested abnormalities in
placental metabolism, amino acid transfer into fetal
circulation and also feto-placental perfusion in pregnan-
cies complicated by growth restriction. The findings of
the present study, performed in vivo in fetuses from
women having normal diet profiles, show that the relative
concentration of phenylalanine in serum is significantly
higher in IUGR than in AGA fetuses (sensitivity, 100%;
specificity, 89%; Table 2) and match the results of of
Horgan et al. [18]. The observed upregulation of
phenylalanine may be the result of the small size of the
placenta in IUGR fetuses, which in turn may lead to
altered placental metabolism, with increased fetal protein
catabolism and decreased amino acid transfer across the
basal membrane, with a final accumulation of phenylal-
anine. In the study of Paolini et al. [20], in which
downregulation of phenylalanine was evidenced, women
were overfed with amino acid and plasma concentration
ratios between the fetus and mother were recorded rather
than absolute concentrations; in addition, all the IUGR
fetuses had placental insufficiency and showed low pH,
hypoxia, and hypercarbia during cordocentesis, which
may increase the catabolic fetal status, resulting in
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consumption of amino acids in different organs, particu-
larly in the brain.

As regards tryptophan, a serotonin precursor, several
reports have shown that, in rats malnourished in utero, there
is an acceleration in the brain synthesis of serotonin,

N

starting in the fetal period and coinciding with elevation
of the free fraction of tryptophan in plasma and brain [28].
Increased tryptophan plasma concentrations have recently
been reported also in IUGR infants [29], which suggests an
increase of this serotonin precursor in the brain, with
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enhanced serotonin synthesis and activity [30]. Huang et al.
[31] located serotonin and its receptors in the placenta,
implying their role in placental development. The present
data unquestionably confirm that, soon after delivery,
tryptophan is more concentrated in the serum of I[UGR
than in that of AGA fetuses.

Dunn et al. [32] and Horgan et al. [18] also noted
changes in kyurenine concentrations in their studies on
metabolic disturbances in placental explants in pregnan-
cies complicated by growth restriction and/or hypoxia. We
also observed lower concentrations of kynurenine in
IUGR than in AGA fetuses, but this does not match the
logistic model (see Fig. S3 in the Electronic supplementary
material, in which only kynurenine appears to be up-
regulated in AGA fetuses).

In the metabolic disruption produced in placental
explants by oxygen deprivation [18], the essential amino
acid methionine is up-regulated, as it was in the present
in vivo study (see Table 2). Methionine has lower
sensitivity (84%) but higher specificity (96%) than
phenylalanine and tryptophan. Its metabolism in mammals
leads to its conversion to S-adenosylmethionine (SAM)
by methionine adenosyltransferase; SAM serves as a
methyl donor in many methyltransferase reactions, and
is converted to S-adenosylhomocysteine, in turn con-
verted to homocysteine by adenosylhomocysteinase.
Subsequently, homocysteine undergoes two fates: it can
be used to regenerate methionine via methionine syn-
thase, or to form cysteine via cystathionine-{3-synthase
and cystathionine-y-lyase. Hyperhomocysteinemia has
been associated with growth restriction, vasculopathies
and oxidative stress [33].

Glutamate is the third amino acid with significantly
different serum concentrations in IUGR and AGA
fetuses, showing excellent discriminative power between
the two groups of patients (sensitivity, 91%; specificity,
85%; Table 2).

The exchange of glutamate between mother and fetus
is known to be important for the development of the
fetus and placenta [34, 35]. The mechanisms underlying
this exchange are largely unknown; however, glutamate
transporters may be involved, as it is known that
glutamate transporters (EAAT1, EAAT2, and EAAT3)
are expressed in rat placenta [35]. It has been demonstrated
by in vitro perfusion of human placenta that glutamic acid can
be converted into glutamine by human placental tissue,
indicating that abnormal cord concentrations of glutamate
may be related to its altered placental metabolism.

In previous studies, target nutrients as well as fetal or
placental metabolite concentrations have been measured by
various methods at delivery in the umbilical vessels
connecting the fetus to the placenta [36—41]. The proposed

approach, based on untargeted metabolomic profiling,
offers a more comprehensive picture of the fetal
metabolome at birth, although it cannot differentiate
placental metabolism from placental transport. Although
presenting some limitations (e.g., small number of cases,
same ethnic origin of mothers, [UGR defined here as a
birth weight less than the 10th percentile), this study
proposes novel and interesting insights into IUGR.

Conclusions

LC-HRMS analysis of serum obtained from cord blood
collected soon after delivery revealed that the metabolic
footprint in IUGR fetuses can be distinguished from that
of controls and that 22 identified metabolites signifi-
cantly contribute toward differentiating IUGR from
AGA fetuses. To our knowledge, this is the first time
that metabolomic profiling has been used to investigate
IUGR in vivo. The most evident changes in the serum
metabolome of IUGR fetuses were linked to amino
acids; in particular, phenylalanine, tryptophan and
glutamate exhibited the highest sensitivity. Our study,
conducted when results from Horgan et al. [18] were not
available to the scientific community, substantiate the
metabolic disruption observed in vitro.

These results confirm that factors such as nutrient
deficiency may play an important role in the pathophysiology
of IUGR and suggest a novel point of view for investigating
and perhaps understanding the pathogenesis of IUGR.
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