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ABSTRACT

Breastmilk (BM) is the primary source of nutrition for the newborn infant and its first six months of 
life. Although the importance of BM in the proper growth and development of infants has previously 
been recognized in various research studies, it was not until various metabolites were probed in BM that 
researchers discovered the various beneficial effects of BM beyond its nutritive value. Metabolomics has 
emerged as a discipline which aims to comprehensively profile various metabolites in food and biological 
fluids. Although still in its incipient stages, BM metabolomics has provided invaluable insights into the 
chemical interaction between mother and infant. NMR- and MS-based techniques have made it possible 
to explore the metabolome of BM and link it to various aspects of maternal phenotype and nutrition 
and breastfed infant health outcomes. In addition, recent developments in analytical approaches for BM 
metabolite analysis and metabolomic data analysis have allowed researchers to increase the coverage of 
detected metabolites using multiple platforms and have supported its functional characterization which 
aids in investigation of the clinical and biological importance of metabolites. These advancements can 
potentially aid in the development of strategies to promote healthy feeding practices for infants or novel 
therapeutic and nutrition advances in pediatric research.
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INTRODUCTION

Breastmilk (BM) remains to be an unequalled food 
that meets the nutritional requirements of a newborn 
infant (Sumayao et al., 2009; WHO, 2003). It 
contains the optimal balance of nutrients and non-
nutrient factors to support growth, development, 
and immunity of the infant. The importance and 
benefits of breastmilk are emphasized by the World 
Health Organization (WHO) which advocates 
initiation of breastfeeding within the first hour 

after the birth, exclusive breastfeeding for the first 
six months, and continued breastfeeding for two 
years or more (WHO, 2003). While the benefits 
of BM and the exclusive or frequent breastfeeding 
in infants were demonstrated in various clinical 
and epidemiological studies (Horta & Victora, 
2013; Allen & Hector 2005), these studies did not 
provide strong correlation or causation between 
various biochemical components in BM and their 
beneficial effects in infants beyond promotion 
of optimal nutrition. This presents a gap between 
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lactating mothers and breastfed infants in terms of 
their biochemical interaction and the mechanistic 
link between the various chemical factors in BM and 
infant health outcomes. 

The biochemical composition of BM is complex 
which includes normal nutrients (i.e. carbohydrates, 
proteins, lipids, vitamins, and minerals) and various 
biologically active compounds (i.e. hormones, 
cytokines, antimicrobial peptides, antibodies, 
etc.) (Villaseñor et al., 2014). Furthermore, the 
composition of breastmilk is highly variable as 
it changes from woman to woman and within an 
individual mother constantly during lactation 
(Marincola et al., 2015). These dynamic changes in 
BM composition are essential to satisfy the nutritional 
and physiological requirements of a growing infant. 
Furthermore, a growing body of evidence suggests 
that nutrition during early development is not only 
critical for the general health of an infant in the short-
term as it may also influence long-term effects on 
health, disease predisposition, and mortality risks in 
adulthood, also known as ‘metabolic programming’ 
(Marincola et al., 2015). These underscore the 
importance of determining the BM composition 
since it may provide insights into the short- and 
long-term health outcomes of an infant.

Given the complexity of BM composition and the 
importance of BM in infant’s health and proper 
development, researchers have placed great interests 
in unraveling the metabolome of BM. The term 
‘metabolomics’ refers to the screening of low-
molecular weight molecules (i.e. metabolites) in 
complex biological fluids in an attempt to provide 
a ‘snapshot’ of the metabolism or a ‘metabolic 
fingerprint’, which can reflect the physiological state 
of the organism under study or reveal information 
on disease phenotypes. One of the strengths of 
comprehensive metabolite profiling is that it can 
reflect the downstream activity of genes (genome) 
or proteins (proteome), hence it can reveal more 
functional information than just a mere ‘snapshot’ 
of metabolism (Brennan, 2016) (Figure 1). The 
organism’s metabolome reflects both genetic and 
exogenous factors, such as drugs, toxins, gut 
microbiota activity, and, most predominantly, 
diet (Astarita and Langridge, 2013). Therefore, 
the inventory of metabolites in a biological system 
can offer a high level of functional description 
that transcends pure genomics, transcriptomics, or 
proteomics information.

There are basically two major approaches in 
metabolomics analyses.  These approaches are the 
discovery metabolomics (also known as untargeted 
metabolomics) and targeted metabolomics (Xia 
& Wishart, 2011). Discovery metabolomics aims 

to simultaneously measure as many metabolites as 
possible from biological samples without bias. It 
involves comparing the metabolome of experimental 
and control samples to spot differences between their 
metabolite profiles. On the other hand, targeted 
metabolomics focuses on validation, wherein large 
numbers of samples are used to explain the effect 
of natural and biological variations in validating the 
identity of the previously determined metabolites. In 
this case, it requires high certainty of identification.  
Both approaches have been widely used in various 
BM metabolomics studies as described in the 
following sections.

As comprehensive BM metabolomics research 
is primarily driven by the advancements in 
instrumentation and analytical techniques, the 
present review article aims to discuss current and 
developing methodologies used in BM metabolomics. 
We then summarized recent investigations into 
the BM metabolome that benefited from these 
methodological and analytical developments. In an 
attempt to highlight the role of BM metabolomics as 
a tool to bridge the gap between mother phenotype 
and/or nutrition and infant health outcomes, the 
influence of maternal nutrition and phenotype on 
specific BM metabolites and the impact of some BM 
metabolites on infant nutrition and health outcomes 
are explored. Lastly, the typical workflow and 
strategies on BM metabolomic data analysis and some 
recent advances in BM metabolomics are described.

Figure 1. The hierarchy of the flow of genetic 
information. Genes, which make up the organism’s 
genome, encode the various ribonucleic acid (RNA) 
species (transcriptome). Some RNAs are translated 
to proteins. The activity of these proteins and the 
influence of exogenous factors (e.g. diet), determines the 
metabolite inventory (metabolome) of a cell, tissue, or 
biological fluid. The metabolites, in turn, can affect gene 
expression, enzyme activities, and protein functions.
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INSTRUMENTATIONS USED IN 
BREASTMILK METABOLOMICS

Metabolomic studies often require large number of 
samples, hence, the demand for high-throughput 
approaches. Nuclear magnetic resonance (NMR) 
spectroscopy and mass spectrometry (MS)-based 
approaches represent the most popular choice of 
instrumentation for BM metabolomic studies. A 
comprehensive review of these techniques and their 
advantages and disadvantages were discussed in a 
previous study (Wishart, 2008).

High resolution ¹H-NMR spectroscopy has been an 
attractive technique in both targeted and untargeted 
BM metabolomics. With most compounds having 
hydrogen, ¹H-NMR provides a robust approach 
in the detection and identification of various 
metabolites (Savorani et al., 2013), thus several BM 
metabolomic studies have employed this technique 
(Smilowitz et al., 2013; Praticò et al., 2016; Longini 
et al., 2014; Sundekilde et al., 2016; Wu et al., 
2016). Unlike MS-based techniques, NMR is non-
destructive allowing preservation of metabolites for 
multiple analysis (Ryan et al., 2013). One of the 
strengths of NMR-based metabolomics is that it 
can provide structural and quantitative information 
on the metabolite which facilitates identification 
of unknown metabolites, a major hurdle in 
metabolomics (Brennan, 2016). A major drawback 
of NMR-based techniques is the lack of sensitivity 
making detection of low abundance metabolites 
difficult (Brennan, 2016; Sundekilde et al., 2016).

MS-based techniques are extremely sensitive 
especially when combined with separation methods, 
such as gas chromatography (GC) and liquid 
chromatography (LC).  The type of separation 
depends on the investigator’s objective. GC-MS 
is commonly used for the detection of nonpolar, 
volatile or semi-volatile metabolites such as fatty 
acids and a range of polar metabolites such as 
amino acids, and tricarboxylic acid (TCA) cycle and 
glycolysis intermediates (Brennan, 2016). GC-MS 
also permits detection of other metabolites such as 
steroids, diglycerides, mono-, di- and trisaccharides, 
and sugar alcohols. A major limitation of GC-MS 
is that metabolites must be volatile or amenable to 
chemical derivatization to permit detection. LC-MS 
is commonly used for the detection of polar, non-
volatile metabolites such as amino acids, sugars, 
sugar alcohols, organic acids, organic amines, and 
nucleotides. Therefore, LC-MS has a wider coverage 
of metabolites than GC-MS and has been widely 
used in discovery-based approaches or when targeted 
approaches fail to detect metabolites because of 
volatility issues.

Due to the inherent complexity of BM composition, 
a truly comprehensive metabolomics research 
requires the combined strengths of NMR and MS-
based techniques. Several factors can contribute to 
the extent of comprehensiveness of metabolomics 
experiments such as the chemical nature of 
metabolites, sample matrix, and cost of analysis, 
which will then influence the choice of methodology.  

RECENT INVESTIGATIONS INTO THE 
BREASTMILK METABOLOME

Despite advances in instrumentations and 
methodologies used in metabolomics, relatively few 
studies have attempted to unravel the metabolome 
of BM. Three of these studies are summarized in 
Table 1. Using high-resolution ¹H-NMR and GC-
MS, Marincola et al. (2012) identified differences 
in metabolite composition between pre-term 
human BM and infant formula milk (FM). In this 
study, lactose was found to be higher in pre-term 
BM compared to FM. On the other hand, FM was 
shown to have higher levels of maltose compared to 
pre-term BM. FM was also found to contain higher 
levels of oleic and linoleic acids than BM. However, 
the few number of samples involved in the study 
may not warrant a strong conclusion on the observed 
altered metabolites between human BM and 
FM. Nevertheless, the findings reinforce the great 
potential of NMR spectroscopy in discriminating 
metabolites between pre-term BM and FM which 
may have important implications in improving the 
nutritional quality of formula milk intended for pre-
term infants.

Using ¹H-NMR spectroscopy, Sundekilde et al. 
(2016) identified differences in BM metabolite 
profiles in women of different gestational and 
lactational ages. The levels of valine, leucine, 
betaine, and creatinine were found to be elevated in 
colostrum from term mothers compared with mature 
milk. On the other hand, the levels of glutamate, 
caprylate, and caprate were increased in mature term 
milk compared to colostrum. Pre-term colostrum 
exhibited higher levels of oligosaccharides, citrate, 
and creatinine while BM from women postpartum 
had increased levels of valine, leucine, glutamate, 
and pantothenate. The study further indicates that 
marked differences in specific metabolites exist in 
BM between mothers delivering pre-term and full-
term. Furthermore, temporal changes in metabolite 
composition were observed in pre-term BM to 
resemble that of full-term BM.

In a study conducted by Qian et al. (2016), GC-
TOFMS and UPLC-QTOFMS were used to 
compare the metabolite composition between 
human BM, FM, and bovine milk (BovM). This 
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study revealed that human BM generally had higher 
levels of non-esterified saturated, monounsaturated, 
and polyunsaturated fatty acids (SFA, MUFA, and 
PUFA, respectively) compared with FM and BovM. 
The levels of some free amino acids are also higher 
in human BM compared with FM and BovM. 
Furthermore, human BM exhibited lower levels 
of tricarboxylic acid cycle (TCA) intermediates 
compared with FM and BovM. These findings 
indicate that each of the milk type studied has 
a unique metabolite profile and that there are 
metabolites that are characteristically higher in 
human BM compared to FM (or BovM). Therefore, 
this may aid in the development of strategies to 
improve the quality of formula milk to support 
optimal health and development of infants who 
have little or no access to BM.

EFFECTS OF MATERNAL NUTRITION 
AND PHENOTYPE ON BREASTMILK 
METABOLITES

A number of studies have demonstrated that the 
compositional variability of BM is highly influenced 
by maternal dietary intake and phenotype. For 
example, BM FAs are derived from mammary 
gland FA synthesis and the FAs from the maternal 
plasma (Innis, 2014), which are both influenced by 
maternal nutrition (Innis, 2014). An extensive body 
of literature from different countries showed that 
many of the fatty acids in human BM, including 
MUFAs, omega-3 and –6 FAs are strongly influenced 
by maternal lipid nutrition (Innis, 1992; Koletzko 
et al., 1992; Koletzko et al., 1999; Novak et al., 
2011). In a study by Koletzko et al (1992), MCFAs 
were shown to be elevated in lactating women with 
high carbohydrate, low-fat diets and low plasma 
triglycerides. However, a recent study suggests that 
triglyceride secretion into human BM is modulated 
by the inverse regulation of fatty acid synthesis in 
the mammary gland and the uptake of FAs from 
maternal plasma, regardless of the dietary fat or 
carbohydrate intake (Novak et al., 2011). Therefore, 
it remains to be investigated how maternal nutrition 
influences the dynamics of various types of lipids in 
BM.   

Francois et al. (1998) investigated the bioavailability 
of marker FA in BM after maternal ingestion. 
Test formulas containing different oils with 
characteristically high amounts of specific FA, such as 
coconut oil (high in lauric acid), where fed to lactating 
women periodically. BM was shown to have elevated 
levels of these FA only 6 hours after consumption. 
Marker FA levels peaked at 10-14 hours; two notable 
exceptions peaking at 72 hours post-consumption, 
eicosapentanoic acid (EPA) and docosahexanoic acid 
(DHA), are both found in fish products. 

Long-term effects of a vegetarian and vegan maternal 
diet on the FA composition of BM have also been 
studied (Sanders et al., 1992). It was observed that 
BM from vegetarian and vegan mothers exhibited 
higher amounts of linoleic acid (LA) yet lower 
amounts of (DHA). It was concluded that these 
variations in FA composition can be attributed to 
maternal diet, as omnivorous mothers are supplied 
a normal amount of DHA whereas vegan mothers 
have higher LA consumption.

There are relatively few studies that employed 
a metabolomic approach to examine the effects 
of maternal nutrition and phenotype in BM 
composition. In one study, milk collected at day 90 
postpartum from 52 healthy women was analyzed 
by using ¹H-NMR spectroscopy (Smilowitz et al., 
2013). A total of 65 metabolites were detected. The 
investigators indicate that human milk metabolome 
is relatively insensitive to fluctuations in health or 
diet for relatively healthy individuals. It was noted, 
however, that maternal BMI measured at day 60 
postpartum is negatively correlated with BM acetone 
levels out the 65 metabolites detected in BM. 

An NMR-based metabolomic study of BM 
composition identified 43 different metabolites, 
from which 21 are fucosylated human milk 
oligosaccharides (fuc-HMOs) (Practico et al., 2014). 
The study revealed differences in HMO fucosylation 
patterns in BM which may be affected by two main 
enzymes, α-1,2-fucosyltransferase (FucT2) and 
α-1,4-fucosyltransferase (FucT4) (Totten et al., 
2012). FucT2 is encoded by the secretor (Se) gene 
while FucT4 is encoded by the Lewis blood group 
gene (Le). Four possible maternal phenotypes arise 
from the level of expression of these two genes, Se+/
Le+, Se+/Le-, Se-/Le+, Se-/Le. The study showed 
marked variations in metabolite profiles between 
two maternal phenotypes (Se+/Le+ vs Se-/Le+). 
These findings suggest that the variability of fuc-
HMO in BM is highly dependent on the maternal 
phenotype. With accurate diagnosis, these findings 
may warrant inclusion of fuc-HMOs in the infant’s 
diet to support gut health.

IMPACT OF BREASTMILK ON INFANT 
HEALTH OUTCOMES

The changing BM composition is attuned, at least 
in part, to the infant’s changing nutritional and 
physiological demands. In addition, BM contains 
natural bioactive compounds that positively 
contribute to the metabolic, immune, and gut 
microbiome development of the breastfed infant 
which may influence long-term health outcomes 
(Villaseñor et al., 2014). 
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Aim of the 
Study

Study 
Participants 
or Samples 
Collected

Analytical 
Platform

Identified and/or Altered 
Metabolites 

Observed 
Trend

First Author 
and Year

The metabolite 
profile of BM 
from mothers 
delivering 
pre-term was 
investigated and 
compared with 
formula milk.

Mothers 
delivering pre-
term infants 
(n=20)

Formula milk 
(n=13)

¹H-NMR
GC-MS

Lactose

Maltose

Oleic and linoleic acid 

 in PTM vs FM

 in PTM vs FM

 in PTM vs FM

Marincola C 
(2012)

The metabolite 
profiles of BM 
from mothers 
delivering 
pre-term and 
full-term were 
characterized and 
compared.

Mothers 
delivering pre-
term infants 
(n=15)

Mothers 
delivering full-
term infants 
(n=30)

¹H-NMR Fucosylated oligosaccharides 
fucose, N-acetylneuraminic acid, 
N-acetylglucosamine

Val, Leu, pantothenate, citric acid, lactic 
acid, betaine, and creatinine 

Glutamate, butyrate, caprylate, and caprate
 

Citrate, lactose, and phosphocholine
 

Carnitine, caprylate, caprate, pantothenate, 
beta-hydroxybutyrate, and urea 

Lactose, fucosyl moieties, N-acetylneur-
aminic acid, N-acetylglucosamine, 3’-si-
alyllactose, 6’-sialyllactose, lacto-N-difuco-
hexaose I, Glu, citric acid, phosphocholine, 
choline, and formic acid

 in colostrum vs 
MM

 in colostrum and 
TM vs MM

 in MM vs 
colostrum and TM

 in PTM vs FT 
milk

 in PTM vs FTM 

 in PTM vs FTM

Sundekilde U 
(2016)

The metabolome 
of HM, BovM, 
and FM was 
compared.

Lactating women 
(n=30)
BovM (n=20)
FM (n=20)

GC-TOF-MS 
UPLC-QTOF-
MS

SFAs, except C18:0 and C16:0

MUFAs (C14:1, C16:1, C18:1, and C20:1)

PUFAs (C18:2, C18:3Δ9,12,15, 
C18:3Δ6,9,12,C20:2, C20:3, C20:4, C20:5, 
C22:2, C22:5, and C22:6) 

Phe, His, and Tau

5-oxoPro, Ala, Arg, Glu, Gln, Ser, Tyr, 
and Val 

5-oxoPro, Ala, Arg, Glu, Gln, Ser, Tau, Tyr, 
and Val

2-ketoglutaric acid, 2-ketoglutaramic acid, 
citric acid and fumaric acid

Arabinose, mannose, and acetylglucosamine

Fucose 

Fructose, maltose, threitol

 in HM vs BovM 
and FM

 in HM vs BovM 
and FM

 in HM vs BovM 
and FM

 in HM vs FM

 in HM vs FM

 in HM vs BovM

 in HM vs FM

 in HM vs FM and 
BovM

 in HM vs FM and 
BovM

 in HM and BovM 
vs FM

Qian L (2016)

Table 1. Summary of Recent Metabolomic Studies in Breastmilk.

Abbreviations: MM, mature milk; PTM, pre-term milk, FT, full-term milk; HM, human milk; FM, formula milk; BovM, 
bovine milk; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid;  C16:0, pal-
mitic acid; C18:0, stearic acid; C14:1, myristoleic acid; C16:1, palmitoleic acid; C18:1, oleic acid; C20:1, eicosenoic acid; 
C18:2, linoleic acid; C18:3Δ9,12,15, α-linolenic acid; C18:3Δ6,9,12, γ-linolenic acid; C20:2, eicosadienoic acid; C20:3, eicosa-
trienoic acid; C20:4, arachidonic acid; C20:5, eicosapentaenoic acid; C22:2, docosadienoic acid; C22:5, docosapentaenoic 
acid; C22:6, docosahexaenoic acid; Val, valine; Leu, leucine; Phe, phenylalanine; His, histidine; Tau, taurine; 5-oxoPro, 
5-oxoproline; Ala, alanine; Arg, arginine; Glu, glutamic acid; Gln, glutamine; Ser, serine; Tyr, tyrosine.
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In a recent study, the urine samples of two groups 
of infants, breastfed and formula-fed, were analyzed 
using capillary electrophoresis-time-of-flight (CE-
TOF) MS (Shoji et al., 2017). The study showed 
that urinary choline metabolites (choline base 
solution, N,N-dimethylglycine, sarcosine, and 
betaine) at 1 month were higher in breastfed infants 
than in formula-fed infants. Breastfed infants 
exhibited lower levels of urinary lactic acid at 1 
month and 6 months compared with formula-fed 
infants. Breastfed infants also exhibited lower levels 
of urinary threonine and carnosine at 1 month 
compared with formula-fed infants. These findings 
indicate that the type of feeding during early infancy 
can influence the infant’s choline metabolism, as well 
as the levels of other metabolites. This study agrees 
well with Ilcol et al. (2005) study which showed 
the direct correlation between infant serum choline 
levels and their mother’s BM choline content. 
Serum free choline levels were shown to decrease as 
phospholipid-bound choline increased over time. 
Both forms of choline were found to be doubled 
in breast-feeding women 12-28 post-partum. In an 
earlier study, it was determined that the total choline 
content in human colostrum is lower than in mature 
milk seven days post-partum, which coincides with 
the acceleration in growth in neonates at this stage 
(Holmes et al., 2000).  Choline is an important 
metabolite for infant development due to its role 
in brain development and function (Zeisel et al., 
1994). An increased risk of birth defects was also 
observed on infants with low choline intake (Shaw 
et al., 2004). 

The role of various BM lipids on the growth and 
development of infants has been studied for many 
years. In a study by Xiang et al. (2000), the BM 
fatty acid composition and the growth rate of the 
infant brain were analyzed. The study showed that 
the ratio between arachidonic acid (AA) and DHA 
in BM was positively correlated with the rate of 
gain of the occipito-frontal head circumference 
and the calculated brain weight at 1 month and 
3 months of age, respectively. However, the exact 
requirements for AA and DHA for optimal growth 
and neurodevelopment of infants remain to be 
established.

Aside from common metabolites such as sugars, 
amino acids and fatty acids, dietary polyphenols, 
such as epicatechin were shown to be accessible to 
infants through their mother’s BM (Khymenets 
et al., 2016). Using solid-phase extraction-ultra 
performance liquid chromatography-tandem mass 
spectrometry (SPE-UPLC-MS/MS) for direct 
epicatechin metabolite analysis, several host and 
and microbial phase II metabolites of epicatechin 
were detected in mother’s BM after a single dose 

of dark chocolate. These findings suggest that the 
coordinated action of an infant’s metabolism and 
gut microbial processing promotes bioavailability 
of epicatechin from the mother’s BM. Importantly, 
further studies are needed on the role of BM 
antioxidants on infant’s growth and development in 
light of the benefits of polyphenols which are known 
to be effective anti-oxidants and anti-inflammatory 
agents (Landete, 2012).

BM metabolomics is still in its early stage of 
development locally. In our previous study, BM and 
plasma retinol of lactating women who participated 
in the Sixth Philippine National Nutrition Survey 
were measured by high-performance liquid 
chromatography (HPLC) (Sumayao et al., 2009). 
The study showed that BM retinol levels were highest 
in women at their first 3 months of lactation and 
remained constant thereafter up to 11 months. 
Breastfed infants whose mothers have normal BM 
retinol levels also displayed higher plasma retinol levels 
compared with breastfed infants whose mothers have 
low BM retinol levels. This study indicates that BM 
retinol levels change over the period of lactation and 
can influence the vitamin A status of breastfed infants. 
Postpartum maternal vitamin A supplementation, 
exclusive or frequent breastfeeding for the first 6 
months, and addition of complementary foods rich 
in vitamin A by 6 months are recommended to 
achieve optimal benefits for the infant.

Several metabolite components of BM also play 
important roles in forming an ideal gut bacterial 
community for neonates. A growing body of evidence 
points to the impact of HMOs in orchestrating the 
infant’s gut microbiome. High concentrations of 
HMOs (10-15 g/L) are delivered to infants through 
their mothers’ BM (Smilowitz et al., 2013). These 
oligosaccharides are made from five monosaccharides: 
glucose, galactose, N-acetylglucosamine, fucose, and 
sialic acid. Roughly 200 HMOs of varying chain 
lengths are currently known. These oligosaccharides 
are not affected by enzymatic hydrolysis in the upper 
gastrointestinal tract (Engfer et al., 2000). Hence, 
they are not utilized for energy consumption and 
may serve a different function in infant’s health.  

In the past years, studies have emerged supporting 
claims that short-chain HMOs promote the growth 
of the enteric genus, Bifidobacteria. HMOs’ prebiotic 
effects have since been known. A study by LoCasio 
et al. (2007) suggests that some enzymes on the 
bacterial cell membrane are only triggered by HMOs 
of specific lengths and states. HMO profiling shows 
that one strain of bifidobacteria favors 63.9% of total 
HMOs. This strain, Bifidobacterium longum bivar 
infantis, was also shown to contain fucosidases and 
sialidases. These enzymes enable the gut microbiota 
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in effectively utilizing fuc-HMOs and sia-HMOs.  
Despite extensive studies on the prebiotic effects of 
HMOs on the gut microbiota of infants, this does 
not explain the fact that 90% of consumed and 
unaltered HMOs are excreted through faecal matter 
(Bode, 2009). This suggests that the function of 
HMOs extend beyond creating an ideal gut bacterial 
community in infants. 

Potentially pathogenic bacteria such as Escherichia 
coli, Vibrio cholera, and Campylobacter jejuni are 
known to bind to intestinal epithelial cells via their 
receptors that recognize oligosaccharides on the 
surface of these cells (Sharon, 1996). HMOs display 
structural similarities with cell surface-associated 
oligosaccharides, thus facilitating disruption of 
potentially pathogenic invasions. HMOs, at high 
concentrations, were shown to directly attach 
onto the bacterial cell surface through its receptors 
which then blocks the pathogen’s attachment to 
intestinal epithelial cells (Newburg et al., 2005). In 
a study by Ruiz-Palacios et al. (2003), fuc-HMOs 
prevented Campylobacter adherence in mice in vivo 
and in human intestinal cells ex vivo. Mouse pups 
were shown to have Campylobacter resistance when 
their mothers had been transfected with a human 
α-1,2-fucosyltransferase gene which promotes 
production of fuc-HMOs in BM which inhibits 
Campylobacter adherence to intestinal mucosa. This 
mechanism blocks the critical step in Campylobacter’s 
pathogenicity. 

These studies highlight the protective effects of 
a distinct group of metabolites in BM against 
potentially pathogenic bacteria. However, the role 
of HMOs on the infant’s gut microbiome merits 
further investigation to realize its full benefits 
in the overall health of infants. Nevertheless, it is 
certain that breastmilk remains as an unparalleled 
biofluid through which an infant’s gut microbiota 
is orchestrated as well as its means to sufficiently 
sustain a healthy gut bacterial community.

A study by Hong et al. (2009) suggests that HMOs 
may prevent HIV-1 transmission from mother 
to child. The HIV-1 viral envelope contains a 
glycoprotein, gp120, which binds to dendritic cell-
specific ICAM3-grabbing non-integrin (DC-SIGN), 
a protein on the surface of dendritic cells (Su et al., 
2003). Once the virus is captured, it hides inside the 
DC and escapes before the body’s immune system 
recognizes the virus. This phenomenon triggers 
HIV-1 infection. DC-SIGN has an affinity towards 
mannose-containing glycans, the characteristic 
oligosaccharides present in viral gp120 (van Liempt 
et al., 2006). However, it has a greater affinity to 
glycans containing a fucosylated N-LacNAc residue, 
a characteristic oligosaccharide also present in BM 

HMOs. Using in vitro assays, it was shown that that 
physiological concentrations of HMOs markedly 
lowered attachment of gp120-containing HIV-1 to 
DC-SIGN by >80%. These findings suggest a novel 
role of distinct group of BM HMOs as protective 
agents against mother-to-infant HIV transmission 
and can potentially lead to the development of 
strategies to protect breastfed infants from HIV 
infection from HIV-positive mothers.

As evidenced by the cited studies, various metabolites 
in BM have specific roles in the proper growth 
and nurturing of neonates. Despite the advances 
in BM metabolomics, there is a demand for 
substantial research to reveal other benefits of BM 
metabolites on infant health outcomes in order to 
develop strategies aimed at promoting ideal feeding 
practices for neonates. These findings only fortify 
the statement ‘breast milk is the gold standard for 
infant nutrition. 

BREASTMILK METABOLOMIC DATA 
ANALYSIS

Various bioinformatics tools and techniques have 
been developed for the analysis of metabolomics 
data (Bartel et al., 2013; Korman et al., 2012). The 
present review will focus on the typical workflow 
used in discovery metabolomics which has been 
widely applied in BM metabolomics data sets. 

Discovery metabolomics traditionally involves four 
major steps as shown in Figure 2; (1) metabolite 
profiling, (2) metabolite identification, (3) statistical 
analysis, and (4) data interpretation. Profiling 
involves identification of potentially interesting 
metabolites that are differentially regulated between 
the experimental and control samples. It is essential 
to find as many metabolites (i.e. feature finding) 
as possible. For LC- or GC-MS analysis, feature 
finding must be equipped with a deconvolution 
program which aids in reconstructing a single 
component spectrum for each metabolite that is 
chromatographically unresolved or poorly resolved 
with co-eluting metabolites. In LC- or GC-MS 
output, a metabolite is represented by its molecular 
features, which are defined by the combination of 
retention time, mass or mass spectra and abundance. 
It is not necessary to determine the identity of the 
metabolites during the profiling step. However, 
the molecular features of each metabolite will 
facilitate tracking of metabolites in between sample 
runs which, in turn, aids in the assessment of 
reproducibility of the analytical technique used in 
metabolite detection.

One-dimensional high-resolution ¹H-NMR 
spectroscopy is the most widely used NMR approach 
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in BM metabolomics (Sundekilde et al., 2013).  
Metabolite profiling using ¹H-NMR involves 
detection of chemically distinct hydrogen nucleus in 
each metabolite in a biological fluid, such as BM, that 
exhibits a NMR signal at a characteristic resonance 
frequency, which is measured as a chemical shift to a 
standard compound. Each metabolite is characterized 
by an exact chemical shift of the NMR signal of its 
hydrogen nucleus and is independent of the applied 
field strength and the particular matrix conditions.

High quality electron ionization spectra are essential 
for positive identification of metabolites. Metabolites 
that are separated and detected by either LC- or GC-
MS are characterized by comprehensive molecular 
features such as mass, retention time, and relative 
abundance. These features are used to identify the 
metabolite using commercial metabolomic libraries 
or publicly available databases such as the HMDB 
(Wishart et al., 2007). 

In ¹H-NMR spectroscopy, the experimental 
chemical shifts of hydrogens in metabolites are 
either binned and then analyzed or fitted to patterns 
of signals corresponding to the metabolites expected 
to be present in the biofluid.  As in LC- or GC-
MS, identification of metabolites using ¹H-NMR 
spectroscopy can performed by comparison 
with annotated metabolites using commercial 
metabolomic libraries or publicly available databases 
such as the Human Metabolome Database (HMDB) 
(Wishart et al., 2007). One of the strengths of NMR 
spectroscopy is that the chemical shifts are very 
sensitive to structural or environmental changes, 
hence can distinguish or identify metabolites in 
complex matrices and can decrease the likelihood 
of two similar molecules having identical ¹H-NMR 
spectra (Dona et al., 2016).

NMR and MS-based metabolomic data sets 
consist of a large number of samples and variables. 
Therefore, a number of preprocessing steps must be 
performed in order to obtain a reliable data suitable 
for downstream data analysis. This may include data 

alignment, data reduction (binning), normalization, 
and scaling. Metabolomic statistical analysis typically 
starts with unsupervised data analysis which allows 
the researcher to visualize the internal structure of 
the data and to gain insights into the underlying 
trend between experimental groups under study 
(Brennan, 2016). Univariate and multivariate 
statistical analysis represent two traditional statistical 
analysis used widely in the analysis of metabolomics 
data sets. Classical univariate methods include 
t-test and analysis of variance (ANOVA) which are 
commonly used to compare means or medians of 
one variable across two or more groups (Xia and 
Wishart, 2007). Multivariate approaches involve 
simultaneous analysis of more than two variables. 
An example of a multivariate method is principal 
component analysis (PCA). PCA represents an 
unsupervised clustering or classification method 
commonly used in preliminary metabolomic data 
analysis (Brennan, 2016). It projects complex, 
multi-dimensional data into a coordinate system 
with fewer dimensions (also called principal 
components) (Xia and Wishart, 2007). PCA aims 
to maximize the data variance in the first principal 
components of metabolite features (Xia & Wishart, 
2007). Hence, PCA has been routinely used by 
metabolomics researchers to identify outlier features 
in complex data sets.  However, caution should be 
observed when reporting PCA models as there is no 
guarantee that the directions of maximum variance 
will contain the best features for discrimination 
among experimental groups. 

The last step in the workflow facilitates connection 
between the various differentially expressed 
metabolites and the relationship of these metabolites 
to biological processes, also known as pathways. 
Pathway analysis helps elucidate the biological 
relevance of complex metabolomics data sets in a 
systems context. MetaboAnalyst is a freeware that is 
equipped with a high-level functional interpretation 
for pathway enrichment and pathway topology 
analysis which supports 15 model organisms with 
~1,200 precompiled Kyoto Encyclopedia of Genes 
and Genomes (KEGG) (Xia and Wishart, 2007). 
An example of pathway analysis generated from 
identified metabolites in breastmilk is shown in a 
previous study (Villaseñor et al., 2014). 

The success of metabolomics data analysis relies upon 
the analytical reproducibility of the methodologies 
and instrumentations employed in metabolite 
detection and the quality of the mass data used in 
metabolite identification. Because metabolomes 
may display natural variations even in normal or 
healthy subjects, it is imperative that a sizeable 
number of subjects or samples be used to generate 
biologically meaningful data. This requires analytical 

Figure 2. Typical Workflow of Breastmilk Metabolomic 
Data Analysis.
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instruments used in metabolomics data acquisition 
to have high sensitivity and accuracy and to operate 
on high throughput. 

RECENT ADVANCES IN BREASTMILK 
METABOLOMICS

Various methodologies and techniques have been 
developed to improve the accuracy, sensitivity, 
robustness, and coverage of metabolite identification 
in BM. One of the hurdles in BM metabolomics is 
the requirement for separate metabolite extraction 
procedures to capture both polar and lipidic 
compounds in BM. A recent technique has been 
developed to capture multiple classes of metabolites 
using a single extraction phase followed by GC-MS 
or LC-MS analysis (Villaseñor et al., 2014). This is 
a significant improvement from pre-existing two-
phase methods since it is more efficient in terms 
of time and cost, as well as serving two different 
analytical platforms. The method was used to 
comprehensively characterize the human BM 
metabolome and identify multiple interconnected 
pathways with the aid of pathway mapping tools. 
In most cases, metabolites from specific pathways 
can be identified using a single technique only. 
However, there are some metabolic pathways that 
require both GC-MS and LC-MS for identification; 
examples include pathways that are co-regulated by 
gut bacteria (Villaseñor et al., 2014). 

More recently, the most comprehensive metabolite 
profile of BM to date has been mapped using four 
different analytical platforms (HPLC-MS and 
ultra-performance LC-MS, GC-MS, CE-MS, and 
¹H-NMR spectroscopy) and two sample preparation 
techniques (modified Folch extraction and single 
phase extraction method) (Andreas et al., 2015). 
This yielded a total of 710 metabolites spanning 
multiple classes of metabolites such as lipids, amino 
acids, aromatics, sugars, HMOs, organic acids. With 
regards to the two sample preparation techniques, 
the single phase extraction followed by HPLC-MS 
analysis gave the best profile but did not capture the 
HMO, amino acids, and sugars. Furthermore, the 
analytical strategies performed revealed temporal 
changes in some BM metabolites which are 
known to be important for infant immunological, 
neurological, and gastrointestinal development. This 
demonstrates the utility of a multiplatform analytical 
technique to investigate questions of clinical and 
biological significance of BM metabolites as well as 
assessing the impact of environmental and dietary 
factors on the composition of BM, with emphasis 
on the downstream consequences these may have on 
infant’s health.

FUTURE DIRECTIONS AND 
CONCLUSIONS

Previous metabolomics studies performed on BM 
explored the relationship between the metabolome, 
as well as the mother’s diet, lifestyle, phenotype 
and the infant’s health outcomes. Although still in 
its incipient stages, BM metabolomics has shown 
great potential as a key technology to improve 
our understanding of the inherent compositional 
variability of BM. High quality metabolomics data 
could be linked to known and validated clinically 
relevant disease conditions and must be considered 
for the development of biomarkers for translation 
to the clinical setting. Using these ‘metabolite 
signatures’ and their involvement in various 
metabolic pathways, functional networks can be 
built to allow researchers to gain deeper insights 
into the mechanistic events that lead to various 
physiological imbalances.

In obtaining a complete picture of the biological 
state of an organism, metabolomics data can be 
integrated with genomics and proteomics data. 
Using integrative pathway analysis from multi-omics 
data sets, it is possible to find connections between 
dysregulated metabolites in BM and the relevant 
genes and proteins that regulate their circulating 
levels. Based on these pathways, functional networks 
can be constructed to reveal the full spectrum of 
the metabolite’s biological function and specific 
pathophysiological events.  In addition, integrative 
omics data can be utilized to tailor dietary needs of 
an individual for disease prevention, also known as 
personalized nutrition. Importantly, these distinctive 
metabolites may identify therapeutic targets for 
disease prevention or may allow treatment strategies 
to be developed in the pipeline.

In conclusion, BM metabolomics has provided 
invaluable information on the presence multiple 
biochemical factors in BM that can influence 
in infant nutrition, development, and health 
outcomes. Furthermore, BM metabolomics has 
revealed that maternal diet, phenotype and various 
clinical conditions can strongly influence the 
compositional variability of BM and can possibly 
unravel mechanistic links in the chemical interaction 
between the lactating mother and breastfed infant. 
Furthermore, the existence of non-nutritional factors 
and bioactive compounds in human BM and their 
potential benefits in infant health, especially in gut 
microbiome development and as a source of essential 
secondary metabolites, warrant further investigation 
to realize the full benefits of BM consumption 
and/or exclusive breastfeeding among infants. 
Importantly, identification of these biochemical 
factors in BM may form a critical component in 
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formulating dietary interventions targeting lactating 
women and in promoting strategic feeding practices 
among breastfed infants and may also benefit 
infants with little or no access to BM by improving 
the formulation of their complementary food or 
formula milk. These advances are vital in the future 
development of pediatric research.
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