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Abstract: The application of metabolomics in neonatology offers an approach to investigate the
complex relationship between nutrition and infant health. Characterization of the metabolome
of human milk enables an investigation into nutrients that affect the neonatal metabolism and
identification of dietary interventions for infants at risk of diseases such as necrotizing enterocolitis
(NEC). In this study, we aimed to identify differences in the metabolome of breast milk of 48 mothers
with preterm infants with NEC and non-NEC healthy controls. A minimum significant difference
was observed in the human milk metabolome between the mothers of infants with NEC and mothers
of healthy control infants. However, significant differences in the metabolome related to fatty acid
metabolism, oligosaccharides, amino sugars, amino acids, vitamins and oxidative stress-related
metabolites were observed when comparing milk from mothers with control infants of ≤1.0 kg
birth weight and >1.5 kg birth weight. Understanding the functional biological features of mothers’
milk that may modulate infant health is important in the future of tailored nutrition and care of the
preterm newborn.

Keywords: breast milk; necrotizing enterocolitis; metabolomics; metabolites; human milk;
prematurity; newborn

1. Introduction

Human breast milk metabolomics aims to identify the complete set of low molecular
weight metabolites in maternal milk. This is a promising approach for metabolic finger-
printing and phenotyping of maternal milk to highlight variations in composition related
to maternal health and diet and the resulting impact on the infant. Variations in the bioac-
tive components of human milk have been shown to influence neonatal health outcomes,
including growth, development, protection from disease development, neurodevelopment,
and immunological development [1–9].

Few studies have explored the comprehensive metabolome of human breast milk.
Proton (1H) nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS)
are the most employed methods for metabolomic analysis of human milk. The first human
milk metabolomic analysis was performed in 2012 as a potential screening tool for milk
composition in the first month of lactation for mothers with preterm low birth weight
infants using 27 human milk samples [10]. When compared to infant formula, significant
differences were identified in the metabolic profile comparison, with preterm maternal milk
containing higher concentrations of lactose and formula containing higher concentrations
of maltose, oleic and linoleic acids [10].

The investigation into the benefits of human milk and neonatal disease prevention is an
active field of study in neonatology. Metabolomic analyses of human milk have extensively
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explored human milk oligosaccharides (HMOs), the third most abundant component in
milk after lactose and fat [11]. Other bioactive metabolites, including those derived from
fatty acids, amino sugars, amino acids, microbial byproducts, vitamins and oxidative
stress-related compounds, are multipurpose and have known protective roles against the
pathogenesis of neonatal diseases such as necrotizing enterocolitis (NEC). In high-risk
preterm infants, dysregulation of barrier integrity and immunity of the intestine contribute
to the development of NEC, a gastrointestinal emergency that affects approximately 10% of
infants with a birth weight <1500 g [12,13]. It has been shown that an early and exclusive
human milk diet is associated with a lower risk of developing NEC in very low birth
weight infants [14,15]. In this study, we aim to examine the global metabolomic profile of
human milk in preterm infants who developed NEC versus age-matched control preterm
infants. We hypothesized that metabolites of human milk from mothers of infants with
NEC may be distinctly different from the metabolomic profile of milk from mothers of
healthy preterm controls. Further, we examined the effect of birth weight on breast milk
composition in non-NEC infants.

2. Materials and Methods
2.1. Subjects and Samples

Following consent, samples of breast milk from mothers of infants admitted to St.
Louis Children’s Hospital neonatal intensive care unit (NICU) were obtained as part of
a longitudinal cohort study with institutional IRB approval. After a sufficient volume
of maternal breast milk could be expressed to meet an infant’s nutritional requirements,
up to 3 mL of breast milk was collected for this study. Unfortified breast milk samples
from 48 mothers with preterm infants (<37 weeks) included in this study were collected
between Aug 2017 and Nov 2020, and were stored in 1 mL aliquots at −80 ◦C within 24 h
of collection. Samples from mothers whose infants developed NEC were matched with a
control sample obtained on a similar postnatal day of an infant of a similar corrected age.
Additional samples from mothers of infants who did not develop NEC were combined
with the corrected age-matched control samples for a comparison of a ≤1.0 kg and a
>1.5 kg birth weight group. For sample processing, banked samples were thawed on ice
and 250 µL of milk was aliquoted into sterile polypropylene tubes. Clinical information
from the medical record was also obtained for study subjects, including maternal prenatal
history, delivery history and NICU hospitalization course of the infant.

2.2. Sample Preparation

Samples were prepared by Metabolon, Inc. with the automated MicroLab STAR®

system from Hamilton Company using an established method [16,17]. Proteins were pre-
cipitated with methanol under vigorous shaking for two minutes (Glen Mills GenoGrinder
2000, Clifton, NJ, USA) followed by centrifugation to remove protein and to recover chemi-
cally diverse metabolites. The resulting extract was divided into five fractions: two for anal-
ysis by two separate reverse phase (RP)/Ultrahigh Performance Liquid Chromatography-
Tandem Mass Spectroscopy (UPLC-MS/MS) methods with positive ion mode electrospray
ionization (ESI), one for analysis by RP/UPLC-MS/MS with negative ion mode ESI, one
for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI, and one sample was
reserved for backup. Samples were placed briefly on a TurboVap® (Zymark, Hopkinton,
MA, USA) to remove the organic solvent. The sample extracts were stored overnight under
nitrogen before preparation for analysis.

2.3. QC

Several controls were analyzed in concert with the experimental samples: a pooled
matrix sample generated by taking a small volume of each experimental sample (or alterna-
tively, the use of a pool of well-characterized human plasma), which served as a technical
replicate throughout the data set; extracted water samples served as process blanks; and a
cocktail of QC standards that were carefully chosen not to interfere with the measurement
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of endogenous compounds were spiked into every analyzed sample, allowed instrument
performance monitoring and aided chromatographic alignment. Experimental samples
were randomized across the platform run with QC samples spaced evenly among the
injections [17].

2.4. Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectroscopy (UPLC-MS/MS)

All methods utilized an ACQUITY ultra-performance liquid chromatography (UPLC)
(Waters, Milford, MA, USA), a Q-Exactive high resolution/accurate mass spectrometer in-
terfaced with a heated electrospray ionization (HESI-II) source (Thermo Scientific, Waltham,
MA, USA) and Orbitrap mass analyzer operated at 35,000 mass resolution [17]. The sample
extract was dried and reconstituted in solvents compatible with each of the four methods.
Each reconstitution solvent contained a series of standards at fixed concentrations to ensure
injection and chromatographic consistency. One aliquot was analyzed using acidic positive
ion conditions, chromatographically optimized for more hydrophilic compounds. The
extract was gradient eluted from a C18 column (Waters UPLC BEH C18—2.1 × 100 mm,
1.7 µm) using water and methanol, containing 0.05% perfluoropentanoic acid (PFPA) and
0.1% formic acid. Another aliquot was also analyzed using acidic positive ion conditions,
which was chromatographically optimized for more hydrophobic compounds. The extract
was gradient eluted from the C18 column using methanol, acetonitrile, water, 0.05% PFPA
and 0.01% formic acid and was operated at an overall higher organic content. Another
aliquot was analyzed using basic negative ion optimized conditions using a separate dedi-
cated C18 column. The basic extracts were gradient eluted from the column using methanol
and water with 6.5 mM Ammonium Bicarbonate at pH 8. The fourth aliquot was analyzed
via negative ionization following elution from a HILIC column (Waters UPLC BEH Amide
2.1 × 150 mm, 1.7 µm) using a gradient consisting of water and acetonitrile with 10 mM
ammonium formate, pH 10.8. The MS analysis alternated between MS and data-dependent
MSn scans using dynamic exclusion. The scan range covered 70–1000 m/z.

2.5. Data Extraction, Compound Identification and Metabolite Quantification

Raw data were extracted, peak-identified and QC processed by Metabolon (Metabolon,
Inc., Morrisville, NC, USA). Compounds were identified by comparison to library entries
of purified standards or recurrent unknown entities. Biochemical identifications are based
on three criteria: retention index within a narrow RI window of the proposed identification,
accurate mass match to the library ±10 ppm, and the MS/MS forward and reverse scores
between the experimental data and authentic standards. The MS/MS scores are based
on a comparison of the ions present in the experimental spectrum to the ions present in
the library spectrum. Peaks were quantified by Metabolon, Inc. using the area-under-the-
curve with a data normalization step was performed to correct variation resulting from
instrument inter-day tuning differences.

2.6. Statistical Analysis

Statistical analysis was performed by Metabolon as well as using MetaboAnalyst 5.0 (
https://www.metaboanalyst.ca, accessed date on 6 June 2021) for pathway and enrichment
analyses. Following log transformation and imputation of missing values, if any, with
the minimum observed value for each compound, Welch’s two-sample t-test was used
to identify biochemicals that differed significantly between experimental groups, while
outliers were identified using the ROUT method. Biochemicals that achieved statistical
significance (p ≤ 0.05) and demonstrated a low estimate of false discovery rate (q > 0.10)
were included in this analysis.

3. Results
3.1. Clinical Characteristics of the Cohort

We identified mothers with infants born <37 weeks with a first-time radiologic or
pathologic diagnosis of NEC. Among these mother-infant dyads, 18 were selected and age-

https://www.metaboanalyst.ca
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matched non-NEC control infants and their mothers were also identified. No significant
differences in the baseline characteristics were observed between these two groups (Table 1).
We next identified mothers with non-NEC control infants born <37 weeks with stratification
of infants into groups with ≤1.0 kg birth weight (n = 13) and >1.5 kg birth weight (n = 15),
which were not age-matched. Infants in the ≤1.0 kg group had a median estimated
gestational age (EGA) of 27 weeks at birth (interquartile range (IQR) 25, 28) and median
birth weight of 805 g (IQR 595, 947.5) (Table 1). Infants in the >1.5 kg group had a median
EGA of 33 weeks at birth (IQR 32, 34) and median birth weight of 2140 g (IQR 1583, 2335).
Infants with a smaller birth weight of ≤1.0 kg were more likely to be small for gestational
age (p = 0.03).

Table 1. Cohort Characteristics.

NEC Control p Value ≤1.0 kg >1.5 kg p Value

n = 18 n = 18 n = 13 n = 15

Male sex 11 (48%) 12 (52%) 0.58 a 6 (46%) 12 (80%) 0.06 a

Cesarean section delivery 13 (72%) 11 (61%) 0.48 a 10 (77%) 8 (53%) 0.19 a

Histologic chorioamnionitis 2 (11%) 2 (11%) >0.99 a 0 (0%) 1 (7%) 0.34 a

Race 0.29 a 0.03 a

White 16 (89%) 12 (75%) 7 (54%) 13 (89%)
Black/African American/Other 2 (11%) 4 (25%) 6 (46%) 2 (11%)

Gestational Age (weeks) 28 (25, 33) 28 (26, 33) 0.94 b 27 (25, 28) 33 (32, 34) <0.0001 a

Birth Weight (grams) 1020 (705, 1948) 1560 (840, 2015) 0.45 b 805 (595, 947.5) 2140 (1583, 2335) <0.0001 b

Small for gestational age 2 (10%) 3 (12%) 0.79 a 3 (19%) 0 (0%) 0.03 a

Maternal Age (years) 29 (24, 33) 29 (27, 31) 0.88 b 29 (23, 34) 29 (28, 33) 0.69 b

Maternal Gravida 2 (1, 4) 2 (1, 4) 0.64 b 2 (1, 2) 2 (1, 4) 0.45 b

Maternal Betamethasone 14 (82%) 14 (82%) >0.99 a 11 (92%) 12 (80%) 0.40 a

DOL of maternal milk collection 15 (7, 24) 15 (7, 23) 0.63 b 9 (5, 21) 14 (13, 20) 0.24 b

DOL of NEC development 17 (9, 21) – – – –

Data are median (IQR) or n (%). DOL = day-of-life, NEC = necrotizing enterocolitis. a Chi-squared test, b Mann–Whitney U-test.

3.2. Multivariate Analysis of Milk Metabolic Profiles

Data were analyzed by Metabolon, Inc. and further analyzed using MetaboAnalyst
5.0 for additional statistical and enrichment analysis. A Principal Component Analysis
(PCA) was performed for the assessment of possible clusters or outliers among the NEC
versus control (Figure 1A) and the ≤1.0 kg versus >1.5 kg birth weight control (Figure 1B)
groups. A total of 631 named and 37 unnamed biochemicals were detected in the milk
sample dataset. In total, only two significant differences in biochemicals detected in the
NEC group when compared with the age-matched controls, indicating that the difference
in metabolomic profiles between the NEC and control groups was minimal. There were
159 biochemicals with significant differential expression in the ≤1.0 kg versus >1.5 kg
comparison groups, including 111 biochemicals with a q-value < 0.10 suggestive of a
low risk of false discovery. As there were minimal significant differences in the milk
metabolites from mothers with NEC infants compared with non-NEC controls, we next
focused on the differences in milk metabolites between mothers with infants with a birth
weight of ≤1.0 kg compared with >1.5 kg. A fold change analysis of the absolute value
of change between the ≤1.0 kg versus >1.5 kg birth weight control groups using a fold
change threshold 2.0 revealed 54 significantly increased and 55 significantly decreased
concentrations of metabolites between the birth weight control groups (Figure 1C). Further,
a volcano plot analysis of ≤1.0 kg versus >1.5 kg birth weight control groups using a fold
change threshold of 2.0 and p < 0.05 revealed 38 significantly increased and 18 significantly
decreased concentrations of detected metabolites (Figure 1D).
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Figure 1. Principal component analysis (PCA) and fold change analysis of human milk samples.
PCA of the data reveals (A) segregation of breast milk samples from mothers of control infants and
infants with NEC and (B) segregation of breast milk samples from mothers of control infants with
birth weight ≤1.0 kg compared with birth weight >1.5 kg. (C) Fold change analysis of the absolute
value of change between the ≤1.0 kg versus >1.5 kg birth weight control groups using a fold change
threshold of 2.0. (D) Volcano plot analysis of ≤1.0 kg versus >1.5 kg birth weight control groups
using a fold change threshold of 2.0 and p < 0.05.

We next performed exploratory statistical analyses to identify overall differences in
metabolites. Hierarchical clustering heat map analysis (Ward’s method) of the top 50 differ-
entially expressed metabolites in the ≤1.0 kg (blue) versus >1.5 kg (red) birth weight con-
trols by T-test revealed distinct clusters of significantly increased or decreased metabolites
(Figure 2A). Among the birth weight control groups, a metabolite set enrichment analysis
(MSEA) reveals the top 25 enriched and biologically meaningful metabolites in the milk of
mothers with infants ≤1.0 kg birth weight compared with >1.5 kg birth weight, including
“ether lipid metabolism” (p = 0.0039); “neomycin, kanamycin and gentamicin biosynthesis”
(p = 0.016); “arginine biosynthesis” (p = 0.02); “glycine, serine and threonine metabolism”
(p = 0.023); “lysine degradation (p = 0.032); “butanoate metabolism” (p = 0.032), “seleno-
compound metabolism” (p = 0.035) and “propanoate metabolism” (p = 0.039) (Figure 2B).

3.3. Fatty Acid Composition of Maternal Milk Varies by Infant Birth Weight

Maternal milk composition of fatty acids (FA) influences neonatal growth, develop-
ment and immune function and can be impacted by the dietary intake of the mother. Several
medium-chain FA and long-chain polyunsaturated FA (e.g., caproate (6:0), caprylate (8:0),
caprate (10:0) and hexadecatrienoate (16:3n3)) were significantly lower in concentration in
maternal milk in the ≤1.0 kg control group when compared to the >1.5 kg control group
(Figure 3A,C,D). Long-chain fatty acids (LCFA) destined for oxidation are conjugated to
carnitine and the acylcarnitines are then transported into the mitochondria for fatty acid
beta-oxidation (Figure 3B). We observed several carnitine-conjugated fatty acid metabo-
lites such as acetylcarnitine (C2) (Figure 3E) and propionylcarnitine (C3) (Figure 3F) to be
significantly higher in the ≤1.0 kg control group when compared to the >1.5 kg control
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group. Overall, no significant differences in FA were identified between the NEC and
control groups.

Figure 2. Heat map and enrichment analysis of control group human milk samples. (A) Hierarchical
clustering heat map of the top 50 differentially expressed metabolites in the ≤1.0 kg (blue) versus
>1.5 kg (red) birth weight control groups by T-test. (B) Quantitative enrichment analysis reveals the
top 25 enriched metabolite sets in the milk of mothers with infants ≤1.0 kg birth weight compared
with >1.5 kg birth weight.
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Figure 3. Metabolites in the fatty acid metabolism sub-pathways vary among birth weight control
milk samples. (A) Fold change concentration of metabolites within fatty acid metabolism sub-
pathways. Red cells indicate mean values that are significantly higher and blue cells indicate mean
values that are significantly lower for the designated comparison. (B) Fatty acids destined for
oxidation are conjugated to carnitine and acylcarnitines are transported into the mitochondria for
fatty acid beta-oxidation. Figure created with BioRender.com. (C–F) Boxplots of concentration levels
of caproate (6:0), caprylate (8:0), acetylcarnitine (C2) and propionylcarnitine (C3) between the birth
weight control groups. * p ≤ 0.05, ** p < 0.01, *** p < 0.001 by Welch’s T-Test. TCA = tricarboxylic acid.

3.4. Human Milk Oligosaccharide, Amino Sugar and Amino Acid Components in Maternal Milk
Differ by Infant Birth Weight

Human milk oligosaccharides (HMOs) are complex sugars in breast milk with pre-
biotic properties and serve as metabolic substrates with targeted antimicrobial activity.
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We examined several HMOs and HMO-related compounds in this study (Figure 4A). Of
these compounds, there were no significant differences in HMO concentrations in milk
from mothers of infants with NEC and healthy controls (Figure 4A). Among the control
groups, the HMO 3′sialyllactose (3′SL) was significantly increased in concentration in the
milk of mothers with infants ≤1.0 kg birth weight when compared to infants of >1.5 kg
birth weight (Figure 4B). No significant difference in lactose concentration was observed
among any of the comparisons.

Figure 4. Human milk oligosaccharide and amino sugar composition of human milk differs among
birth weight control milk samples. (A) Fold change concentration of human milk oligosaccharides
and amino sugar metabolites in maternal milk. Red cells indicate mean values that are significantly
higher and blue cells indicate mean values that are significantly lower for the designated comparison.
(B–E) Boxplots of concentration levels of 3′sialyllactose, N-acetylmannosamine, glucuronate and
N-acetylneuraminate between the birth weight control groups. * p ≤ 0.05, ** p < 0.01 by Welch’s
T-Test.

Amino sugars are components of bacterial cell walls and serve as a key by-product
of HMO metabolism [18]. We identified that the amino sugar N-acetylmannosamine was
significantly higher in the NEC group when compared to the control group, while it was
significantly higher in the ≤1.0 kg control group when compared to the >1.5 kg control
group (Figure 4C). The amino sugars glucuronate, N-acetylneuraminate and erythronate
and the amino sugar isobar N-acetylglucosamine/N-acetylgalactosamine were signifi-
cantly higher in the ≤1.0 kg control group when compared to the >1.5 kg control group
(Figure 4A,D,E).

As free amino acids account for 3–5% of the total amino acids in mother’s milk, we
next sought to investigate the differences in amino acid metabolites in mother’s milk [19]
(Figure 5A). Dietary ingestion of amino acids in breast milk results in intestinal mucosal
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amino acid catabolism by the small intestine, resulting in the conversion to dietary amino
acids that serve as precursors for substances required for maintenance of intestinal integrity
(Figure 5B) [20]. In our untargeted metabolomic analysis of amino acid metabolites, we
observed no significant difference in the fold change expression of these metabolites
in the milk of mothers with infants with NEC when compared to the milk of mothers
with healthy control infants. In contrast, significant differences in several amino acid
metabolites were detected among the control groups. Milk from mothers with infants
of birth weight ≤1.0 kg had a significantly increased concentration of the amino acids
arginine, proline and lysine when compared to the milk of mothers of infants with birth
weight >1.5 kg (Figure 5C–F). Additionally, we observed a significantly decreased fold
change concentration of amino acids glycine, alanine and glutamine in the ≤1.0 kg birth
weight group relative to the >1.5 kg birth weight infants. The significant differences in these
metabolites between birth weight control groups provide insight into the potential need
for exogenous supplementation of amino acids that may provide growth and development
in the newborn.
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Figure 5. Amino acid composition of breast milk varies by birth weight in control infants. (A) Fold
change concentration of amino acids in maternal milk. Red cells indicate mean values that are
significantly higher and blue cells indicate mean values that are significantly lower for the designated
comparison. (B) Intake of amino acids in breast milk is followed by catabolism by the intestinal
mucosa for degradation to dietary amino acid precursors. Figure created with BioRender.com.
(C–F) Boxplots of concentration levels of arginine, glycine, glutamine and lysine between the birth
weight control groups. * p ≤ 0.05, ** p < 0.01, *** p < 0.001 by Welch’s T-Test.

3.5. Metabolic Differences in the Microbiome-Derived and Vitamin Metabolites in Maternal Milk

Interactions with the intestinal microbiome facilitate the metabolism of aromatic amino
acids, such as phenylalanine, tyrosine and tryptophan and vitamins [21,22]. In our analysis,
no significant differences in the fold change concentration of tyrosine, tryptophan or
vitamin metabolites were detected in the milk from mothers of infants with NEC compared
with healthy control infants (Figure 6A). Prior studies have implicated the importance of
endogenous tryptophan metabolites in maintaining intestinal homeostasis related to the
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metabolic activity of the gut microbiota and mucosal immune reactivity (Figure 6B) [23].
Our untargeted analysis detected significant differences in fold change concentration
in several of these metabolites among the control groups. The tyrosine metabolite 3-
methoxytyrosine was significantly lower in the ≤1.0 kg control group compared with
the >1.5 kg control group (Figure 6C). The tryptophan metabolite C-glycosyltryptophan,
which has a known associated increase with chronological age in humans, was significantly
increased in the ≤1.0 kg group [3]. However, the fold change concentration of several
tryptophan metabolites was significantly decreased in the ≤1.0 kg group when compared
to the >1.5 kg birth weight control, including kynurenine, kynurenate and xanthurenate
(Figure 6D–F).
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Figure 6. Tyrosine, tryptophan and vitamin metabolites in maternal milk vary among birth weight
control groups. (A) Fold change concentration of tyrosine, tryptophan and vitamin metabolites in
maternal milk. Red cells indicate mean values that are significantly higher and blue cells indicate
mean values that are significantly lower for the designated comparison. (B) Microbial action within
the intestine facilitates the metabolism of aromatic amino acids and vitamins. Figure created with
BioRender.com. (C–F) Boxplots of concentration levels of 3-methoxytyrosine, kynurenine, kynurenate
and xanthurenate between the birth weight control groups. * p ≤ 0.05, ** p < 0.01, *** p < 0.001 by
Welch’s T-Test.

Interestingly, the fold change concentration of several vitamins was significantly in-
creased in the ≤1.0 kg group when compared to the >1.5 kg birth weight group, including
oxalate, beta-cryptoxanthin (a vitamin A metabolite) and pyridoxate (a vitamin B6 metabo-
lite). There were no observed differences in vitamin metabolite levels in the NEC versus
control comparison.

3.6. Differences in Oxidative Stress-Related, Glycolytic and Energy Metabolites

Oxidative stress can occur in the setting of an imbalance between free radical or reac-
tive oxygen species (ROS) and antioxidant defenses. Several markers of oxidative stress
have been identified in human breast milk [24]. Therefore, we next investigated breast
milk metabolites from sub-pathways related to glutathione metabolism and methionine,
cysteine, S-adenosylmethionine (SAM) and taurine metabolism (Figure 7A). Methion-
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ine, an essential amino acid, is a source of cysteine, which is required for glutathione
synthesis (Figure 7B) [25,26]. Cysteine is considered an essential amino acid in preterm
neonates, due to the decreased ability to convert cystathionine to cysteine [25]. Analysis
of oxidative stress-related metabolites derived from the glutathione pathway revealed no
significant difference was observed between the NEC and control groups. A significantly
increased concentration of 5-oxoproline was observed in the ≤1.0 kg control group when
compared to the >1.5 kg control group (Figure 7C). Oxidative stress-related metabolites
related to methionine, cysteine, SAM and taurine metabolism also demonstrated notably
significant differences between the two control groups. Methionine sulfone (Figure 7D),
S-methylcysteine (Figure 7E), and S-methylcysteine sulfoxide were decreased in the con-
centration of milk from mothers of infants with birth weight ≤1.0 kg when compared to
the >1.5 kg birth weight control group. In contrast, S-adenylhomocysteine (Figure 7F) was
significantly increased in the ≤1.0 kg control group when compared to the >1.5 kg birth
weight control group. Additionally, within the glycolysis, gluconeogenesis and pyruvate
metabolism sub-pathway, a significant decrease in the fold change concentration of glucose
(0.72; p ≤ 0.05) was observed in the ≤1.0 kg control group when compared to the >1.5 kg
control group with no difference between the NEC and control groups. No differences
were identified in 3-phosphoglycerate, pyruvate or lactate among any of the studied com-
parisons. Further, within the TCA cycle sub-pathway, a significant increase in fold change
concentration of succinylcarnitine (C4-DC) (2.62; p ≤ 0.05) was observed in the ≤1.0 kg
control group when compared to the >1.5 kg group, with no difference identified between
the NEC and control groups. These findings provide greater insight into the potential
nutritional outcomes and disease risks in infants receiving milk with varying compositions
of oxidative stress-related, glycolytic and energy metabolites.
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Figure 7. Compounds derived from glutathione, methionine, cysteine, S-adenosylmethionine and
taurine metabolism differ among the birth weight control groups. (A) Fold change concentration of
metabolites in maternal milk. Red cells indicate mean values that are significantly higher and blue
cells indicate mean values that are significantly lower for the designated comparison. (B) Metabolism
of methionine, an essential amino acid and a major target of reactive oxygen species, is a source
for cysteine, which is required for glutathione synthesis. (C–F) Boxplots of concentration levels of
5-oxoproline, methionine sulfone, S-methylcysteine and S-adenosylhomocysteine between the birth
weight control groups. * p ≤ 0.05, ** p < 0.01, **** p < 0.0001 by Welch’s T-Test. GSH = glutathione,
GSSG = glutathione disulfide, NADPH = nicotinamide adenine dinucleotide phosphate, SAH =
S-adenosylhomocysteine, SAM = S-adenosylmethionine.
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4. Discussion

Human milk is the gold standard for nutritional support for growth and development
during infancy, and the complex composition of human milk encompasses macronutrients,
micronutrients, antimicrobial and bioactive factors [4,8,27]. The composition of human
milk is dynamic and influenced by a variety of maternal and environmental factors [4,8,27].
These antimicrobial and bioactive factors have multipurpose properties, including es-
tablished protective roles against the development of neonatal disorders such as NEC.
Maternal milk metabolomics is a growing field of research seeking to understand the
complexities of human milk, its relationship to maternal health and diet and the overall
impact on infant health. In this study, we explored the metabolome of human milk samples
collected from mothers of infants that developed NEC and healthy controls and further
characterized the milk metabolome of mothers with control neonates with birth weight
of ≤1.0 kg compared with birth weight >1.5 kg. Though this untargeted metabolomics
analysis identified minimal significances between milk from mothers of infants with NEC
and non-NEC healthy controls, significant variations were observed in milk from mothers
of infants among the two control birth weight groups.

Key nutrients in human milk, such as lipids and fatty acids, can be influenced by
the health and diet of the mother and can impact neonatal growth and intestinal de-
velopment [28]. The relationship between maternal diet and adiposity and nutritional
composition of breast milk demonstrates the impact of dietary and environmental in-
fluences on the nutritional content of maternal milk [29,30]. Prior studies have shown
that polyunsaturated fatty acids, linoleic acid and total omega-6 fatty acids in breast milk
were lower in concentration in older mothers [31]. It has been further identified that
monounsaturated fatty acid content in human milk is lower and the omega-6:omega-3
polyunsaturated fatty acid ratio and leptin concentrations are higher in mothers with a
higher body mass index (BMI) [31,32]. Importantly, the complex role of enteral long-chain
polyunsaturated fatty acid (LCPUFA) on intestinal inflammation and the incidence of
NEC and death in a rat model has been previously described [33,34]. In our analysis,
we observed a significant decrease in long-chain polyunsaturated fatty acids including
tetradecadienoate (14:2), hexadecatrienoate (16:3n3) and stearidonate (18:4n3) in the milk
of mothers of ≤1.0 kg control infants, suggesting a possible increased risk of intestinal
inflammation and NEC in this group. Additionally, the neonatal gut microbiome can be
influenced by exposure to dietary saturated and monounsaturated fatty acids [28]. Specifi-
cally, breast milk with higher concentrations of monounsaturated fatty acids (MUFAs) is
associated with a milk microbiota with decreased Lactobacillus and Bifidobacterium, which
are necessary for maintaining intestinal homeostasis and barrier integrity [35,36]. In our
untargeted metabolomic analysis, cis-4-decenoylcarnitine (C10:1), a monounsaturated acyl-
carnitine, was significantly increased in the milk of mothers of infants in the >1.5 kg control
group, implicating a potential decrease in beneficial gut microbiota in the ≤1.0 kg control
group, further placing these infants at risk of dysbiosis and risk of NEC.

Human milk contains a high amount of HMOs and other complex oligosaccharides
that can be used by intestinal microbial species as carbon and energy sources [8,18,37–39].
The prebiotic and immunomodulatory functions of HMOs can influence the composition
of the microbiome and intestinal maturation [18,37–39]. While over 200 HMOs have been
identified, it is known that not every mother synthesizes the same set of oligosaccharides
and the HMO composition is highly influenced by the presence of the FUT2 and FUT3 se-
cretor genes [11,40]. Prior studies of maternal milk have identified a higher concentration of
HMOs in postpartum time-matched milk from mothers of full-term infants [41]. Addition-
ally, HMOs have a suggested role in intestinal maturation in an in vitro epithelial model in
which treatment with HMOs induced epithelial cell differentiation maturation [42]. Several
preclinical animal studies as well as human studies support the importance of HMOs
in reducing the risk of developing NEC [37,43–45]. Interestingly, certain Bifidobacterium
species are known to consume HMOs such as N-acetyl-D-glucosamine, suggesting that the
complex and dynamic gut bacterial responses to HMOs may influence the infant gut mi-
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crobiome composition [38]. The increased concentration of N-acetylglucosamine observed
in our analysis in the milk of mothers with lower birth weight control infants may suggest
a protective role of maternal milk in developing the infant microbiome and protecting
against the dysbiosis observed in NEC. Amino sugars are biosynthesized by primary and
secondary metabolism routes by the conversion of a monosaccharide to an amino sugar
derivative [46]. Amino sugar components of bacteria have been well established. For
example, the amino sugar N-acetyl-L-fucosamine is present in lipopolysaccharides of some
bacteria such as Pseudomonas aeruginosa. The amino sugar kanosamine is produced by
Bacillus and Streptomyces species and exhibits antimicrobial action [46]. The observed differ-
ences in HMOs and amino sugars in our data can contribute to identifying how customized
nutritional interventions can be used to meet the needs or dietary deficiencies of the new-
born. These findings suggest potential impacts of alterations in microbial colonization of
the infant and the risk of developing diseases associated with dysbiosis such as NEC.

A higher risk of developing NEC is also associated with a neonatal deficiency in
circulating amino acids, including glutamine and arginine [47]. Therefore, the amino acid
composition of human milk has been an important area of investigation. Prior studies of
neonatal rat models with experimental NEC receiving exogenous treatment of glutamine
demonstrated reduced intestinal pathology injury scores and decreased mRNA expression
of innate immune receptors toll-like receptor (TLR)-2 and TLR-4 [48]. Further, a prior
analysis of milk from mothers of term neonates revealed that glutamine and glutamic
acid were amongst the most abundant free amino acids during the first three months of
lactation [19]. Notably, our analysis identified a significantly decreased concentration of
glutamine in the milk of mothers with infants≤1.0 kg birth weight, suggesting an increased
predisposition to the development of NEC in this weight group.

Amino acids such as tryptophan and its endogenous metabolites have established
roles in intestinal immunity and homeostasis and prior investigations have shown that
milk from mothers of preterm infants contains less free tryptophan levels than milk from
mothers of term infants [5]. Differences in the aromatic amino acids tyrosine or tryptophan
metabolites may alter infant microbial composition and activity, affecting breast milk nutri-
tional content and contributing to NEC development. Anaerobic fermentation of tyrosine
and tryptophan by intestinal bacteria results in the derivation of phenols as well as indoles,
which have recently shown benefit in attenuating intestinal inflammation in NEC [6,7]. The
metabolism of tryptophan by intestinal bacteria along the kynurenine pathway results in
metabolites that are implicated in microbial defense, immunoregulation and antioxidant
activity in the intestine [23,49,50]. Indoleamine 2,3-dioxygenase 1 (IDO1) is an enzyme that
causes tryptophan degradation to produce the breakdown product L-kynurenine, which
activates aryl hydrocarbon receptor signaling, and in the gastrointestinal tract, promotes
local interleukin (IL)-22 production by innate lymphoid cells [23]. In this analysis, we
identified several tryptophan metabolites decreased in concentration in maternal milk in
the lower birth weight control group, including kynurenine, kynurenate and xanthurenate.
Importantly, prior studies have shown that a dietary lack of tryptophan impairs intestinal
immunity in mice and alters the gut microbiome, indicating a role for the activation of
the AhR-IL-22 axis in mucosal immune homeostasis of the gut [23]. We have recently
shown that treatment with IL-22 attenuates intestinal inflammation in experimental murine
NEC by promoting epithelial regeneration [51]. Additional investigations have shown
that indole-3-lactic acid, a metabolite of breast milk tryptophan secreted by Bifidobacterium
longum subspecies infantis attenuates the inflammatory response in vitro in human im-
mature intestinal organoids stimulated with human IL-1B [50] and in LPS-treated adult
intestinal epithelial cells [49]. Therefore, characterizing the concentration of tryptophan in
maternal milk and identifying preterm and low birth weight infants at risk of a relative
nutritional deficiency may identify opportunities for tailored nutrition for infants at risk of
the pathogenesis of intestinal diseases such as NEC.

Additionally, the diagnosis of oncologic and metabolic childhood disorders is associ-
ated with the concentrations of serum tyrosine metabolites. The compound 3-methoxytyra
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mine, the O-methylated metabolite of dopamine, is useful for the diagnosis of neuroblas-
toma or dopamine-producing pheochromocytomas and paragangliomas [52] and elevated
serum levels are associated with aromatic L-amino-acid decarboxylase deficiency [53].
Although no difference in 3-methoxytyramine levels was observed in the maternal milk in
the NEC and control groups, the decreased levels in milk of mothers of infants of ≤1.0 kg
birth weight may suggest an overall relative dietary deficiency in this preterm infant weight
group, the implications of which require further investigation.

Preterm infants also rely on the metabolic profile of breast milk as a source for methio-
nine, an essential amino acid [25]. Methionine is involved in the defense against oxidative
stress and has a role in the formation of cysteine from homocysteine via cystathionine
γ-lyase, an enzyme which is absent in the fetal liver and has reduced level of activity
in the newborn period [25,26]. As a deficiency in methionine can impact growth, it is
important to investigate breast milk methionine metabolites to evaluate the impacts of
dietary deficiencies [26]. Our data revealed a decreased concentration of methionine sul-
fone, S-methylcysteine and S-methylcysteine sulfoxide in the ≤1.0 kg control group, which
suggests a relative dietary deficiency, the recognition of which provides an opportunity for
optimization of neonatal nutritional intake. Additionally, the glutathione system plays an
important role in the protection against oxidative stress through the scavenging of reactive
oxygen species [54]. Therefore, defining the relationship between maternal oxidative stress
and neonatal oxidative stress is essential in advancing our understanding of the impact
of the perinatal period on neonatal outcomes. As our data demonstrated an increased
concentration of 5-oxoproline in the milk of mothers with infants ≤1.0 kg birth weight
compared to >1.5 kg, this suggests an altered state of oxidative stress within the breast milk
of the lower birth weight group. The capacity of oxidative stress metabolites in maternal
milk to impact inflammation and oxidative stress in the receiving infant requires further
investigation.

Fat-soluble and water-soluble vitamins are among the nutrients in human milk most
strongly affected by the dietary intake of the breastfeeding mother [30,55]. Therefore,
understanding the variability of vitamin content in maternal milk can guide tailored nutri-
tion of the preterm infant at risk of dietary deficiency and can influence milk fortification
strategies. It is well known that the transfer of vitamin D and its metabolites from plasma
to milk is limited. Additionally, human breast milk contains low concentrations of vitamin
K and there is strong evidence for an increased incidence of late hemorrhagic disease
of the newborn in those who are breastfed [56]. Kamao and colleagues used LC/MS to
quantify concentrations of fat-soluble vitamins in human breast milk from 82 mothers
and identified that concentrations of 25(OH)D in breast milk were significantly lower
when compared to the 25(OH)D concentration in plasma [56]. Redeuil and colleagues
compared human milk at equivalent post-partum ages and assessed for concentrations of
vitamins. When compared at equivalent post-menstrual age, preterm maternal milk was
significantly higher for vitamins B1, B2, B3, B6 and B9 and also had lower concentrations
of vitamins A, E, beta-carotene, beta-cryptoxanthin and lutein when compared to term
milk [57]. Similarly, in our analysis, we identified a significantly increased concentration of
pyridoxate, a vitamin B6 metabolite, and beta-cryptoxanthin, a carotenoid, in the milk of
mothers with preterm control infants with a birth weight of ≤1.0 kg.

Overall, these data reveal a comprehensive metabolic fingerprint of maternal milk
for infants of ≤1.0 kg birth weight compared to >1.5 kg birth weight with minimal overall
differences between milk from mothers of infants with NEC and healthy controls. Although
the overall significance of these data require further investigation into the mechanism
and consequences of these differences, the untargeted metabolomic analysis provides an
opportunity for exploration of potential diagnostic or treatment targets in high-risk preterm
infants.
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5. Conclusions

Human milk metabolomics is a developing field for the exploration of the relationship
between the metabolic composition of breast milk, maternal phenotypes, and infant health.
While the complexities of maternal milk require ongoing investigation, new technologies
and new analytical methodologies are essential in the future of research on the role of
the comprehensive metabolome on the health of the infant. Though minimal significant
metabolic differences were identified in the milk of mothers of infants with NEC and
non-NEC controls, we identified significant differences in milk composition by infant birth
weight. Understanding the complexities of human milk therefore provides important
insight for the future of tailored nutrition of the newborn.

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

Funding: L.S.N. receives funding support from the National Institutes of Health (NIH; F32DK130248)
and the American Academy of Pediatrics Marshall Klaus Award. M.G. receives funding from the
NIH (R01DK118568, R01DK124614 and R01HD105301), the St. Louis Children’s Hospital Foundation,
the Children’s Discovery Institute of Washington University and St. Louis Children’s Hospital, and
the Department of Pediatrics at Washington University School of Medicine, St. Louis.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Washington University
(protocol code 201706182 and date of approval 27 July 2017).

Informed Consent Statement: Informed consent was obtained from all mothers of infants on behalf
of themselves and their neonate for this study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. None of the funding sources had
any role in the manuscript.

References
1. Butte, N.F.; Wong, W.W.; Hopkinson, J.M.; Smith, E.O.; Ellis, K.J. Infant feeding mode affects early growth and body composition.

Pediatrics 2000, 106, 1355–1366. [CrossRef] [PubMed]
2. Saben, J.L.; Sims, C.R.; Piccolo, B.D.; Andres, A. Maternal adiposity alters the human milk metabolome: Associations between

nonglucose monosaccharides and infant adiposity. Am. J. Clin. Nutr. 2020, 112, 1228–1239. [CrossRef]
3. Menni, C.; Kastenmüller, G.; Petersen, A.K.; Bell, J.T.; Psatha, M.; Tsai, P.-C.; Gieger, C.; Schulz, H.; Erte, I.; John, S.; et al.

Metabolomic markers reveal novel pathways of ageing and early development in human populations. Int. J. Epidemiol. 2013, 42,
1111–1119. [CrossRef]

4. Wu, X.; Jackson, R.T.; Khan, S.A.; Ahuja, J.; Pehrsson, P.R. Human Milk Nutrient Composition in the United States: Current
Knowledge, Challenges, and Research Needs. Curr. Dev. Nutr. 2018, 2, nzy025. [CrossRef] [PubMed]

5. O’Rourke, L.; Clarke, G.; Nolan, A.; Watkins, C.; Dinan, T.G.; Stanton, C.; Ross, R.P.; Ryan, C.A. Tryptophan metabolic profile in
term and preterm breast milk: Implications for health. J. Nutr. Sci. 2018, 7, e13. [CrossRef] [PubMed]

6. Nolan, L.S.; Mihi, B.; Agrawal, P.; Gong, Q.; Rimer, J.M.; Bidani, S.S.; Gale, S.E.; Goree, M.; Hu, E.; Lanik, W.E.; et al. Indole-3-
Carbinol-Dependent Aryl Hydrocarbon Receptor Signaling Attenuates the Inflammatory Response in Experimental Necrotizing
Enterocolitis. ImmunoHorizons 2021, 5, 193–209. [CrossRef] [PubMed]

7. Lu, P.; Yamaguchi, Y.; Fulton, W.B.; Wang, S.; Zhou, Q.; Jia, H.; Kovler, M.L.; Salazar, A.G.; Sampah, M.; Prindle, T.; et al. Maternal
aryl hydrocarbon receptor activation protects newborns against necrotizing enterocolitis. Nat. Commun. 2021, 12, 1042. [CrossRef]

8. Nolan, L.S.; Parks, O.B.; Good, M. A Review of the Immunomodulating Components of Maternal Breast Milk and Protection
Against Necrotizing Enterocolitis. Nutrients 2019, 12, 14. [CrossRef]

9. Kelly, J.C.; Carter, E.B.; Raghuraman, N.; Nolan, L.S.; Gong, Q.; Lewis, A.N.; Good, M. Anti-severe acute respiratory syndrome
coronavirus 2 antibodies induced in breast milk after Pfizer-BioNTech/BNT162b2 vaccination. Am. J. Obstet. Gynecol. 2021, 225,
101–103. [CrossRef]

http://doi.org/10.1542/peds.106.6.1355
http://www.ncbi.nlm.nih.gov/pubmed/11099589
http://doi.org/10.1093/ajcn/nqaa216
http://doi.org/10.1093/ije/dyt094
http://doi.org/10.1093/cdn/nzy025
http://www.ncbi.nlm.nih.gov/pubmed/30087951
http://doi.org/10.1017/jns.2017.69
http://www.ncbi.nlm.nih.gov/pubmed/29686862
http://doi.org/10.4049/immunohorizons.2100018
http://www.ncbi.nlm.nih.gov/pubmed/33906960
http://doi.org/10.1038/s41467-021-21356-4
http://doi.org/10.3390/nu12010014
http://doi.org/10.1016/j.ajog.2021.03.031


Nutrients 2021, 13, 3604 16 of 17

10. Marincola, F.C.; Noto, A.; Caboni, P.; Reali, A.; Barberini, L.; Lussu, M.; Murgia, F.; Santoru, M.L.; Atzori, L.; Fanos, V. A
metabolomic study of preterm human and formula milk by high resolution NMR and GC/MS analysis: Preliminary results. J.
Matern. Fetal. Neonatal Med. 2012, 25, 62–67. [CrossRef]

11. Cesare Marincola, F.; Dessì, A.; Corbu, S.; Reali, A.; Fanos, V. Clinical impact of human breast milk metabolomics. Clin. Chim.
Acta 2015, 451, 103–106. [CrossRef] [PubMed]

12. Neu, J.; Walker, W.A. Necrotizing enterocolitis. N. Engl. J. Med. 2011, 364, 255–264. [CrossRef] [PubMed]
13. Lin, P.W.; Stoll, B.J. Necrotising enterocolitis. Lancet 2006, 368, 1271–1283. [CrossRef]
14. Sisk, P.M.; Lovelady, C.A.; Dillard, R.G.; Gruber, K.J.; O’Shea, T.M. Early human milk feeding is associated with a lower risk of

necrotizing enterocolitis in very low birth weight infants. J. Perinatol. 2007, 27, 428–433. [CrossRef]
15. Johnson, T.J.; Patel, A.L.; Bigger, H.R.; Engstrom, J.L.; Meier, P.P. Cost savings of human milk as a strategy to reduce the incidence

of necrotizing enterocolitis in very low birth weight infants. Neonatology 2015, 107, 271–276. [CrossRef] [PubMed]
16. Isganaitis, E.; Venditti, S.; Matthews, T.J.; Lerin, C.; Demerath, E.W.; Fields, D.A. Maternal obesity and the human milk

metabolome: Associations with infant body composition and postnatal weight gain. Am. J. Clin. Nutr. 2019, 110, 111–120.
[CrossRef]

17. Evans, A.M.; DeHaven, C.D.; Barrett, T.; Mitchell, M.; Milgram, E. Integrated, nontargeted ultrahigh performance liquid
chromatography/electrospray ionization tandem mass spectrometry platform for the identification and relative quantification of
the small-molecule complement of biological systems. Anal. Chem. 2009, 81, 6656–6667. [CrossRef]

18. Lawson, M.A.E.; O’Neill, I.J.; Kujawska, M.; Gowrinadh Javvadi, S.; Wijeyesekera, A.; Flegg, Z.; Chalklen, L.; Hall, L.J. Breast
milk-derived human milk oligosaccharides promote Bifidobacterium interactions within a single ecosystem. ISME J. 2020, 14,
635–648. [CrossRef]

19. Agostoni, C.; Carratù, B.; Boniglia, C.; Lammardo, A.M.; Riva, E.; Sanzini, E. Free glutamine and glutamic acid increase in human
milk through a three-month lactation period. J. Pediatr. Gastroenterol. Nutr. 2000, 31, 508–512. [CrossRef]

20. Wu, G. Intestinal mucosal amino acid catabolism. J. Nutr. 1998, 128, 1249–1252. [CrossRef]
21. Blaut, M.; Clavel, T. Metabolic diversity of the intestinal microbiota: Implications for health and disease. J. Nutr. 2007, 137,

751S–755S. [CrossRef] [PubMed]
22. Lawley, T.D.; Walker, A.W. Intestinal colonization resistance. Immunology 2013, 138, 1–11. [CrossRef] [PubMed]
23. Zelante, T.; Iannitti, R.G.; Cunha, C.; De Luca, A.; Giovannini, G.; Pieraccini, G.; Zecchi, R.; D’Angelo, C.; Massi-Benedetti, C.;

Fallarino, F.; et al. Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and balance mucosal reactivity via
interleukin-22. Immunity 2013, 39, 372–385. [CrossRef] [PubMed]

24. Sánchez-Illana, Á.; Parra-Llorca, A.; Escuder-Vieco, D.; Pallás-Alonso, C.R.; Cernada, M.; Gormaz, M.; Vento, M.; Kuligowski, J.
Biomarkers of oxidative stress derived damage to proteins and DNA in human breast milk. Anal. Chim. Acta 2018, 1016, 78–85.
[CrossRef] [PubMed]

25. Thomas, B.; Gruca, L.L.; Bennett, C.; Parimi, P.S.; Hanson, R.W.; Kalhan, S.C. Metabolism of methionine in the newborn infant:
Response to the parenteral and enteral administration of nutrients. Pediatr. Res. 2008, 64, 381–386. [CrossRef] [PubMed]

26. Huang, L.; Hogewind-Schoonenboom, J.E.; van Dongen, M.J.A.; de Groof, F.; Voortman, G.J.; Schierbeek, H.; Twisk, J.W.R.;
Vermes, A.; Chen, C.; Huang, Y.; et al. Methionine requirement of the enterally fed term infant in the first month of life in the
presence of cysteine. Am. J. Clin. Nutr. 2012, 95, 1048–1054. [CrossRef] [PubMed]

27. Casavale, K.O.; Ahuja, J.K.C.; Wu, X.; Li, Y.; Quam, J.; Olson, R.; Pehrsson, P.; Allen, L.; Balentine, D.; Hanspal, M.; et al. NIH
workshop on human milk composition: Summary and visions. Am. J. Clin. Nutr. 2019, 110, 769–779. [CrossRef]

28. Ramiro-Cortijo, D.; Singh, P.; Liu, Y.; Medina-Morales, E.; Yakah, W.; Freedman, S.D.; Martin, C.R. Breast Milk Lipids and Fatty
Acids in Regulating Neonatal Intestinal Development and Protecting against Intestinal Injury. Nutrients 2020, 12, 534. [CrossRef]

29. Bardanzellu, F.; Puddu, M.; Peroni, D.G.; Fanos, V. The Human Breast Milk Metabolome in Overweight and Obese Mothers.
Front. Immunol. 2020, 11, 1533. [CrossRef]

30. Bravi, F.; Wiens, F.; Decarli, A.; Dal Pont, A.; Agostoni, C.; Ferraroni, M. Impact of maternal nutrition on breast-milk composition:
A systematic review. Am. J. Clin. Nutr. 2016, 104, 646–662. [CrossRef]

31. Grote, V.; Verduci, E.; Scaglioni, S.; Vecchi, F.; Contarini, G.; Giovannini, M.; Koletzko, B.; Agostoni, C. European Childhood
Obesity Project Breast milk composition and infant nutrient intakes during the first 12 months of life. Eur. J. Clin. Nutr. 2016, 70,
250–256. [CrossRef] [PubMed]

32. Enstad, S.; Cheema, S.; Thomas, R.; Fichorova, R.N.; Martin, C.R.; O’Tierney-Ginn, P.; Wagner, C.L.; Sen, S. The impact of maternal
obesity and breast milk inflammation on developmental programming of infant growth. Eur. J. Clin. Nutr. 2021, 75, 180–188.
[CrossRef] [PubMed]

33. Caplan, M.S.; Jilling, T. The role of polyunsaturated fatty acid supplementation in intestinal inflammation and neonatal necrotizing
enterocolitis. Lipids 2001, 36, 1053–1057. [CrossRef] [PubMed]

34. Caplan, M.S.; Russell, T.; Xiao, Y.; Amer, M.; Kaup, S.; Jilling, T. Effect of polyunsaturated fatty acid (PUFA) supplementation on
intestinal inflammation and necrotizing enterocolitis (NEC) in a neonatal rat model. Pediatr. Res. 2001, 49, 647–652. [CrossRef]

35. Moossavi, S.; Atakora, F.; Miliku, K.; Sepehri, S.; Robertson, B.; Duan, Q.L.; Becker, A.B.; Mandhane, P.J.; Turvey, S.E.; Moraes, T.J.;
et al. Integrated Analysis of Human Milk Microbiota With Oligosaccharides and Fatty Acids in the CHILD Cohort. Front. Nutr.
2019, 6, 58. [CrossRef]

36. Walker, W.A.; Iyengar, R.S. Breast milk, microbiota, and intestinal immune homeostasis. Pediatr. Res. 2015, 77, 220–228. [CrossRef]

http://doi.org/10.3109/14767058.2012.715436
http://doi.org/10.1016/j.cca.2015.02.021
http://www.ncbi.nlm.nih.gov/pubmed/25689794
http://doi.org/10.1056/NEJMra1005408
http://www.ncbi.nlm.nih.gov/pubmed/21247316
http://doi.org/10.1016/S0140-6736(06)69525-1
http://doi.org/10.1038/sj.jp.7211758
http://doi.org/10.1159/000370058
http://www.ncbi.nlm.nih.gov/pubmed/25765818
http://doi.org/10.1093/ajcn/nqy334
http://doi.org/10.1021/ac901536h
http://doi.org/10.1038/s41396-019-0553-2
http://doi.org/10.1097/00005176-200011000-00011
http://doi.org/10.1093/jn/128.8.1249
http://doi.org/10.1093/jn/137.3.751S
http://www.ncbi.nlm.nih.gov/pubmed/17311972
http://doi.org/10.1111/j.1365-2567.2012.03616.x
http://www.ncbi.nlm.nih.gov/pubmed/23240815
http://doi.org/10.1016/j.immuni.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23973224
http://doi.org/10.1016/j.aca.2018.01.054
http://www.ncbi.nlm.nih.gov/pubmed/29534807
http://doi.org/10.1203/PDR.0b013e318180e499
http://www.ncbi.nlm.nih.gov/pubmed/18535487
http://doi.org/10.3945/ajcn.111.028779
http://www.ncbi.nlm.nih.gov/pubmed/22492372
http://doi.org/10.1093/ajcn/nqz123
http://doi.org/10.3390/nu12020534
http://doi.org/10.3389/fimmu.2020.01533
http://doi.org/10.3945/ajcn.115.120881
http://doi.org/10.1038/ejcn.2015.162
http://www.ncbi.nlm.nih.gov/pubmed/26419197
http://doi.org/10.1038/s41430-020-00720-5
http://www.ncbi.nlm.nih.gov/pubmed/32814855
http://doi.org/10.1007/s11745-001-0816-3
http://www.ncbi.nlm.nih.gov/pubmed/11724457
http://doi.org/10.1203/00006450-200105000-00007
http://doi.org/10.3389/fnut.2019.00058
http://doi.org/10.1038/pr.2014.160


Nutrients 2021, 13, 3604 17 of 17

37. Autran, C.A.; Kellman, B.P.; Kim, J.H.; Asztalos, E.; Blood, A.B.; Spence, E.C.H.; Patel, A.L.; Hou, J.; Lewis, N.E.; Bode, L. Human
milk oligosaccharide composition predicts risk of necrotising enterocolitis in preterm infants. Gut 2018, 67, 1064–1070. [CrossRef]

38. Garrido, D.; Ruiz-Moyano, S.; Mills, D.A. Release and utilization of N-acetyl-D-glucosamine from human milk oligosaccharides
by Bifidobacterium longum subsp. infantis. Anaerobe 2012, 18, 430–435. [CrossRef]

39. Bering, S.B. Human Milk Oligosaccharides to Prevent Gut Dysfunction and Necrotizing Enterocolitis in Preterm Neonates.
Nutrients 2018, 10, 1461. [CrossRef]

40. Smilowitz, J.T.; O’Sullivan, A.; Barile, D.; German, J.B.; Lönnerdal, B.; Slupsky, C.M. The human milk metabolome reveals diverse
oligosaccharide profiles. J. Nutr. 2013, 143, 1709–1718. [CrossRef]

41. Gabrielli, O.; Zampini, L.; Galeazzi, T.; Padella, L.; Santoro, L.; Peila, C.; Giuliani, F.; Bertino, E.; Fabris, C.; Coppa, G.V. Preterm
milk oligosaccharides during the first month of lactation. Pediatrics 2011, 128, e1520–e1531. [CrossRef]

42. Holscher, H.D.; Bode, L.; Tappenden, K.A. Human Milk Oligosaccharides Influence Intestinal Epithelial Cell Maturation In Vitro.
J. Pediatr. Gastroenterol. Nutr. 2017, 64, 296–301. [CrossRef]

43. Jantscher-Krenn, E.; Zherebtsov, M.; Nissan, C.; Goth, K.; Guner, Y.S.; Naidu, N.; Choudhury, B.; Grishin, A.V.; Ford, H.R.; Bode,
L. The human milk oligosaccharide disialyllacto-N-tetraose prevents necrotising enterocolitis in neonatal rats. Gut 2012, 61,
1417–1425. [CrossRef]

44. Rasmussen, S.O.; Martin, L.; Østergaard, M.V.; Rudloff, S.; Roggenbuck, M.; Nguyen, D.N.; Sangild, P.T.; Bering, S.B. Human milk
oligosaccharide effects on intestinal function and inflammation after preterm birth in pigs. J. Nutr. Biochem. 2017, 40, 141–154.
[CrossRef]

45. Rudloff, S.; Kuntz, S.; Ostenfeldt Rasmussen, S.; Roggenbuck, M.; Sprenger, N.; Kunz, C.; Sangild, P.T.; Brandt Bering, S.
Metabolism of Milk Oligosaccharides in Preterm Pigs Sensitive to Necrotizing Enterocolitis. Front. Nutr. 2019, 6, 23. [CrossRef]
[PubMed]

46. Skarbek, K.; Milewska, M.J. Biosynthetic and synthetic access to amino sugars. Carbohydr. Res. 2016, 434, 44–71. [CrossRef]
[PubMed]

47. Becker, R.M.; Wu, G.; Galanko, J.A.; Chen, W.; Maynor, A.R.; Bose, C.L.; Rhoads, J.M. Reduced serum amino acid concentrations
in infants with necrotizing enterocolitis. J. Pediatr. 2000, 137, 785–793. [CrossRef]

48. Zhou, W.; Li, W.; Zheng, X.-H.; Rong, X.; Huang, L.-G. Glutamine downregulates TLR-2 and TLR-4 expression and protects
intestinal tract in preterm neonatal rats with necrotizing enterocolitis. J. Pediatr. Surg. 2014, 49, 1057–1063. [CrossRef]

49. Ehrlich, A.M.; Pacheco, A.R.; Henrick, B.M.; Taft, D.; Xu, G.; Huda, M.N.; Mishchuk, D.; Goodson, M.L.; Slupsky, C.; Barile,
D.; et al. Indole-3-lactic acid associated with Bifidobacterium-dominated microbiota significantly decreases inflammation in
intestinal epithelial cells. BMC Microbiol. 2020, 20, 357. [CrossRef] [PubMed]

50. Meng, D.; Sommella, E.; Salviati, E.; Campiglia, P.; Ganguli, K.; Djebali, K.; Zhu, W.; Walker, W.A. Indole-3-lactic acid, a metabolite
of tryptophan, secreted by Bifidobacterium longum subspecies infantis is anti-inflammatory in the immature intestine. Pediatr.
Res. 2020, 88, 209–217. [CrossRef] [PubMed]

51. Mihi, B.; Gong, Q.; Nolan, L.S.; Gale, S.E.; Goree, M.; Hu, E.; Lanik, W.E.; Rimer, J.M.; Liu, V.; Parks, O.B.; et al. Interleukin-22
signaling attenuates necrotizing enterocolitis by promoting epithelial cell regeneration. Cell Rep. Med. 2021, 2, 100320. [CrossRef]
[PubMed]

52. Peitzsch, M.; Mangelis, A.; Eisenhofer, G.; Huebner, A. Age-specific pediatric reference intervals for plasma free normetanephrine,
metanephrine, 3-methoxytyramine and 3-O-methyldopa: Particular importance for early infancy. Clin. Chim. Acta 2019, 494,
100–105. [CrossRef]

53. Chien, Y.-H.; Chen, P.-W.; Lee, N.-C.; Hsieh, W.-S.; Chiu, P.-C.; Hwu, W.-L.; Tsai, F.-J.; Lin, S.-P.; Chu, S.-Y.; Jong, Y.-J.; et al.
3-O-methyldopa levels in newborns: Result of newborn screening for aromatic l-amino-acid decarboxylase deficiency. Mol. Genet.
Metab. 2016, 118, 259–263. [CrossRef]

54. Moore, T.A.; Ahmad, I.M.; Schmid, K.K.; Berger, A.M.; Ruiz, R.J.; Pickler, R.H.; Zimmerman, M.C. Oxidative Stress Levels
Throughout Pregnancy, at Birth, and in the Neonate. Biol. Res. Nurs. 2019, 21, 485–494. [CrossRef]

55. Gay, M.C.L.; Koleva, P.T.; Slupsky, C.M.; du Toit, E.; Eggesbo, M.; Johnson, C.C.; Wegienka, G.; Shimojo, N.; Campbell, D.E.;
Prescott, S.L.; et al. Worldwide Variation in Human Milk Metabolome: Indicators of Breast Physiology and Maternal Lifestyle?
Nutrients 2018, 10, 646–662. [CrossRef] [PubMed]

56. Kamao, M.; Tsugawa, N.; Suhara, Y.; Wada, A.; Mori, T.; Murata, K.; Nishino, R.; Ukita, T.; Uenishi, K.; Tanaka, K.; et al.
Quantification of fat-soluble vitamins in human breast milk by liquid chromatography-tandem mass spectrometry. J. Chromatogr.
B. Analyt. Technol. Biomed. Life Sci. 2007, 859, 192–200. [CrossRef] [PubMed]

57. Redeuil, K.; Lévêques, A.; Oberson, J.-M.; Bénet, S.; Tissot, E.; Longet, K.; de Castro, A.; Romagny, C.; Beauport, L.; Fischer
Fumeaux, C.J.; et al. Vitamins and carotenoids in human milk delivering preterm and term infants: Implications for preterm
nutrient requirements and human milk fortification strategies. Clin. Nutr. 2021, 40, 222–228. [CrossRef] [PubMed]

http://doi.org/10.1136/gutjnl-2016-312819
http://doi.org/10.1016/j.anaerobe.2012.04.012
http://doi.org/10.3390/nu10101461
http://doi.org/10.3945/jn.113.178772
http://doi.org/10.1542/peds.2011-1206
http://doi.org/10.1097/MPG.0000000000001274
http://doi.org/10.1136/gutjnl-2011-301404
http://doi.org/10.1016/j.jnutbio.2016.10.011
http://doi.org/10.3389/fnut.2019.00023
http://www.ncbi.nlm.nih.gov/pubmed/30931310
http://doi.org/10.1016/j.carres.2016.08.005
http://www.ncbi.nlm.nih.gov/pubmed/27592039
http://doi.org/10.1067/mpd.2000.109145
http://doi.org/10.1016/j.jpedsurg.2014.02.078
http://doi.org/10.1186/s12866-020-02023-y
http://www.ncbi.nlm.nih.gov/pubmed/33225894
http://doi.org/10.1038/s41390-019-0740-x
http://www.ncbi.nlm.nih.gov/pubmed/31945773
http://doi.org/10.1016/j.xcrm.2021.100320
http://www.ncbi.nlm.nih.gov/pubmed/34195684
http://doi.org/10.1016/j.cca.2019.03.1620
http://doi.org/10.1016/j.ymgme.2016.05.011
http://doi.org/10.1177/1099800419858670
http://doi.org/10.3390/nu10091151
http://www.ncbi.nlm.nih.gov/pubmed/30420587
http://doi.org/10.1016/j.jchromb.2007.09.023
http://www.ncbi.nlm.nih.gov/pubmed/17942378
http://doi.org/10.1016/j.clnu.2020.05.012
http://www.ncbi.nlm.nih.gov/pubmed/32534950

	Untargeted metabolomic analysis of human milk from mothers of preterm infants
	Please let us know how this document benefits you.
	Authors

	Introduction 
	Materials and Methods 
	Subjects and Samples 
	Sample Preparation 
	QC 
	Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectroscopy (UPLC-MS/MS) 
	Data Extraction, Compound Identification and Metabolite Quantification 
	Statistical Analysis 

	Results 
	Clinical Characteristics of the Cohort 
	Multivariate Analysis of Milk Metabolic Profiles 
	Fatty Acid Composition of Maternal Milk Varies by Infant Birth Weight 
	Human Milk Oligosaccharide, Amino Sugar and Amino Acid Components in Maternal Milk Differ by Infant Birth Weight 
	Metabolic Differences in the Microbiome-Derived and Vitamin Metabolites in Maternal Milk 
	Differences in Oxidative Stress-Related, Glycolytic and Energy Metabolites 

	Discussion 
	Conclusions 
	References

