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Abstract

Introduction. Human breast milk is considered the gold standard of nutrition, given 
that thanks to the diversity in the metabolome it manages to meet the individual needs of 
each infant by providing essential metabolites that contribute to and intervene in optimal 
growth and development. Few factors can modify the composition of breast milk and, 
simultaneously, its benefits. However, the increase in maternal metabolic diseases such as 
gestational diabetes mellitus raises the question of whether it can be one of the factors that 
condition the quality and quantity of metabolites contained in breast milk. Objective. To 
identify the metabolome of breast milk from healthy mothers, its inf luence on the growth 
and development of the infant, and to recognize those that are altered because of gestatio-
nal diabetes mellitus. Methodology. A systematic review was carried out using multiple 
databases. For the bibliometric analysis, we used the results of Web of Science and Scopus 
and the Tree of Science and Bibliometrix software.
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tion, protection, and support have been 
a priority for all countries. In Colombia, 
breastfeeding is initiated from the very ins-
tant of birth and currently, 43% of mothers 
use it as exclusive infant feeding according 
to a report published in 2017 by Unicef, the 
World Breastfeeding Collective, and the 
World Health Organization. 

The world is currently undergoing a pu-
blic health problem generated by epigenetic 
conditions in people. This problem encom-
passes metabolic diseases, which include 
diseases such as obesity, type 2 diabetes, 
heart and/or metabolic disease, and non-al-
coholic fatty liver disease (7,8).

The metabolic diseases with which the mo-
thers arrive at pregnancy or develop during 
pregnancy can influence the quality of the 
nutrients in breast milk and in the same way 
have repercussions on the health of the in-
fant, mainly leading to metabolic disorders in 
the short and medium term (9). Recently, the 
variation in the metabolome of breast milk in 
diabetic mothers in relation to healthy mo-
thers was published, finding a high variation 
in amino acids and lipids that are fundamen-
tal in the development of the child (10).

Gestational diabetes mellitus (GDM) is un-
derstood as “an intolerance to carbohydra-
tes that is discovered or manifests itself for 
the first-time during gestation” (11). In Co-
lombia, the prevalence is currently estima-
ted to be between 10.3% and 15% of which 
5% are type II diabetics, 7.5% are type I 

Introduction

Metabolomics is a branch of the omics 
sciences responsible for studying the set of 
metabolites present in biological systems 
known as the metabolome (1,2). In it, low 
molecular weight molecules can be identi-
fied in each matrix at a given moment in 
time, generating an overview of the sample 
that determines the physiological or patho-
logical state of the sample, which can con-
tribute to the detection of risk factors in 
populations (3).

From the metabolic and nutritional point 
of view, one of the populations of special 
care are infants between 0-6 months; du-
ring this stage of life, it is proposed that fe-
eding should be exclusively through breas-
tfeeding. This is defined as a physiological 
act that provides the baby with specialized 
and individualized nutrition, by containing 
the optimal distribution and quantity of 
nutrients that are adapted to the nutritio-
nal and energetic needs of the infant, It is 
considered the gold standard of nutrition 
in this first stage of life and this is how 
metabolomics in neonatology offers an im-
portant approach to investigate the link be-
tween nutrition and infant health. (4) The 
first study to analyze the metabolome of 
breast milk, according to researchers, was 
conducted by Cesare Marincola et al. in 
2012 (5)(6).

Breastfeeding is the main protective factor 
against infant health; therefore, its promo-
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diabetics who become pregnant, and the 
remaining 87.5% are true diabetes of preg-
nancy (12). All these figures are on the rise 
due to poor eating habits, the predominant 
sedentary lifestyle and environmental con-
ditions that generate even more metabolic 
diseases such as gestational diabetes melli-
tus (GDM), so it is vital to know the impact 
of this disease on the first protective factor 
of childhood, which is breast milk.

The objective of this review is to identify the 
different metabolites in breast milk from heal-
thy mothers, their influence on the growth 
and development of the infant and to recog-
nize those that are altered because of GDM.

Methodology

Systematic research was carried out by 
means of a literature search in databases 
such as Web of Science, Scopus, Scielo, 
PubMed, and Google Scholar using the 
keywords “Metabolome”, “Gestational dia-
betes mellitus”, “Human Breast milk meta-
bolome”, “metabolomics profile” “growth 
and development” “neonatal health”. Using 
the connectors “AND” and “IN”.

Articles whose content dealt with the 
keywords were chosen, as well as epidemio-
logical studies on prevalence rates in this 
geographical area and associated factors.

The reviewed publications were selected 
with a maximum age of 6 years, except for 
root articles.

For a complete understanding of the stu-
dies, the criteria considered for inclusion 
were: (i) published primary research (ori-
ginal), (ii) systematic reviews, (iii) reviews, 
and (iv) research or clinical trials. The li-
terature search was conducted in a period 
between January 2020 and July 2021.

Search equation

A bibliometric analysis was performed 
using the packages “tosr” and “bibliome-
trix” (13,14) for this, the search was per-
formed in Web of Science (WoS) using the 
following equation: Topic: (metabolomic* 
OR metabonomic*) and Topic: (“breast 
milk” OR “human breast milk”) in a pe-
riod from 2001 to May 15, 2023, in the in-
dexes SCI-EXPANDED, SSCI, A&HCI, 
ESCI. Likewise, a search was performed 
in Scopus using the same equation in the 
fields Title, Abstract, and Keywords. From 
these searches, 165 results were obtained 
in WoS and 272 in Scopus. All the results 
were downloaded with the references cited 
in each of the articles, to construct a cita-
tion network for the prioritization of the 
documents. The WoS and Scopus results 
were merged into a single data file using 
the R package “tosr”.

Citation analysis

Each of the references and citations of 
each document were analyzed by means of 
a citation network using the SAP algori-
thm of Tree of Science, which is an open 
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code for prioritizing publications (15). This 
systematic search methodology is based 
on the prioritization of documents using 
indicators of the topology of the citation 
network explained in detail by Zuluaga et 
al. (16) and making an analogy with the 
tree of knowledge. Brief ly, the methodolo-
gy consists of identifying the classic arti-
cles (roots), the articles that gave growth 
to this area of knowledge (trunk), and the 
recent articles with the greatest impact (lea-
ves). The citation network is used to extract 
the documents with a high degree of entry, 
the documents with high intermediation, 

Figure 1. Methodology for the search and selection of  articles. Own source.

and the most recent ones that are linked 
to the root and the trunk. Likewise, the 
modularity algorithm (17) is applied to se-
lect different clusters or perspectives in the 
knowledge area. The number of clusters 
is selected using the tipping point algori-
thm; (13,18). All the code for this citation 
analysis is available through the following 
link: https://github.com/coreofscience/
tosr. Additionally, 104 articles found in the 
PubMed database that were not prioritized 
in the methodology described above were 
manually added (Figure 1).
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Figure 2. Prioritization of  documents by citation analysis. Own source.

Bibliometric Analysis

Bibliometric analysis was performed using 
the Biblioshiny tool, an application of the 
R package Bibliometrix (14), from which 
indicators such as annual scientific pro-
duction, number of citations per journal 
and per author, publications per author per 
year, trend of keywords per year and the 
collaboration network were extracted.

Results

Search equation and citation analysis

The literature review was carried out in 
WoS and Scopus since between these two 

databases they integrate more than fifty 
thousand scientific journals (19) and ad-
ditionally allow the user to download the 
metadata and references cited within each 
article. The search equation resulted in 272 
references in WoS and 165 in Scopus, which 
were downloaded in plain text with all the 
metadata and citations reported in each of 
the articles resulting from the search. These 
results generated an initial network of 805 
nodes (articles) and 1878 links (citations); 
after using the network indicators and fil-
ters to extract the groups or perspectives, 
a final network of 347 nodes and 582 links 
was obtained (Figure 2).

The title of each group was extracted to ge-
nerate the word cloud for each perspective 
(Figure 3). Likewise, the articles were or-

ganized according to their importance by 
means of the root, trunk and leaf indicators 
as explained in the methodology section:
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Figure 3. Citation network and word cloud. Own source.

The first perspective represented in Figure 
3 by the purple cluster represents 16.89% of 
all the articles in knowledge. According to 
the word cloud, it can be inferred that the 
articles are related to the influence of breast 
milk on growth, and the clinical behavior 
of neonates in situations such as preeclamp-
sia, diabetes, and preterm birth. The second 
perspective determined by the green cluster 
represents 13.54% of the total number of ar-
ticles and refers to the study of formulas in 
different animal models and metabolomic 
analysis by NMR. The third cluster repre-
sents 12.67% and is represented by the blue 
color, and is related to the oligosaccharide 
profile, lactation studies, and longitudinal 
studies of newborn feeding.

Bibliometric analysis

The bibliometric analysis was divided into 
four different aspects, the first related to 
publications and journals, the second rela-
ted to authors, the third to the documents 
with the highest impact and the fourth 
to the social structure. The metabolomic 
studies of breast milk show according to 
the number of publications per year an 
increasing trend, which during the year 
2022 presented the highest number of pu-
blications (Figure 4a). Figure 4b. The five 
articles with the highest number of cita-
tions are shown. Marincola et al., (2012) 
and Marincola (2015). Spevacek (2015). 
Sundekilde (2016).
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Figure 4. a. Annual scientific production. b. Papers with highest citations. Own source using bibliometrix software.

On the other hand, the five authors who 
have published the most in metabolomics 
and breast milk are shown in Figure 5a, 
where the total number of published docu-
ments related to the area of knowledge is 

indicated. Figure 5b shows the frequency 
of publication of each of the five authors, 
with the number of documents published 
per year.
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The research of Fanos and collaborators 
has been based on the study of the com-
ponents of breast milk, their bioactives 
and their interaction with the development 
of the infant. Atzori and coworkers del-
ved into the application of metabolomics 
in maternal-fetal medicine and the recog-
nition of metabolome changes in mothers 

with gestational diabetes mellitus. The fo-
cus of Bardanzellu et al. is on the characte-
rization of the metabolome and microbio-
me of breast milk and its comparison with 
formula milk, where the inf luence of each 
nutrient on neonatal metabolism is eva-
luated. Dessí et al. focused on the clinical 
impact of metabolites contained in breast 

Figure 5. a. Most relevant authors. b. Authors’ production over time. Own source using bibliometrix software.
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milk, their intra- and intervariability; and 
Reali et al. investigated the metabolomic 
differences between colostrum and matu-
re human milk and their functions at each 
stage of development.

Collaborative networks are of co-author-
ship analysis where clear evidence and 
results are shared that allow a greater as-
sociation and deepening of the present 
subject studied.

Figure 6. a. Collaboration networks. b. Contribution between countries. Own source using bibliometrix software.
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Analysis of the documents

The multiple properties and components 
of breast milk in the neonatal stage are 
crucial for optimal growth and develop-
ment since this is one of the most critical 
periods of life (20).

However, breast milk contains about 600 
species and it is stipulated that a breastfed 
infant ingests up to 10 million live bacteria 
per day (6), in addition, this liquid has spe-
cial characteristics that allow the neonate to 
adapt to extrauterine life and inf luence the 
rest of it, thanks to its capacity in the activa-
tion of metabolic processes such as growth, 
development of the immune, nervous and 
cognitive systems, colonization, intestinal 
microbiological maturation, among many 
others in which the bioactive compounds 
of breast milk intervene (21,22).

Although the industry has made efforts to 
create formula milk similar to breast milk, 
it has been identified that this objective 
has not been achieved so far, in view of the 
fact that there are marked differences both 
qualitatively and quantitatively in relation 
to the metabolites that compose it, being 
amino acids and fatty acids the ones with 
the greatest variability (23-26).

In a comparative study of the year 2021 
between the metabolites of human milk, 
goat’s milk, equine milk and cow’s milk, 
37 metabolites were found to be signifi-
cantly different among the four samples, 

and complementarily, seven main metabo-
lic pathways were identified in the milk of 
these animals that allow a global analysis 
of their metabolome (27). However, in the 
study conducted by PHAN M and colla-
borators, it is evident that after an analysis 
of 261 metabolites, 151 of these, present 
in formula milk, are closely related to hu-
man breast milk (28). This is evidence that 
the efforts made by the industry to achie-
ve formula milk similar to breast milk are 
progressing more and more, but, even so, 
an exact similarity has not been achieved, 
so it cannot replace it.

The composition of breast milk is not sta-
ble; on the contrary, it undergoes a series of 
transformations according to the biological 
age and physiological needs of the infant 
(5,29,30). It has even been shown that the 
external environment (geographical loca-
tion), the internal environment (mode of 
delivery), the state of mind, and the dietary 
intake of the mothers can alter the compo-
sition of the milk (31)(32)(33).

When the lactation process begins, the li-
quid coming from the mother between the 
first and fifth or sixth day is known as co-
lostrum, characterized by its thick and ye-
llow appearance, contains a large number of 
proteins and minerals, as well as many im-
mune active substances, such as macropha-
ges and lymphocytes, complement systems, 
lysozyme, oligosaccharides and antimicro-
bials such as lactoferrin, which give an im-
munoprotective action to the newborn and 
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decrease the production of inf lammatory 
cytokines (34,35).

After the first six days of lactation, some 
authors describe the existence of transition 
milk, in which nutrients and caloric con-
tent stabilize to give way to mature milk 
with a completely different metabolomic 
composition to meet the requirements of 
this stage of the infant (36). After the first 
month of lactation, breast milk reaches its 
maximum point of maturity in metabolites 
and energy which tends to optimal deve-
lopment and growth in this first stage of 
life (35,37).

It should be clarified that human milk me-
tabolites are derived from three sources: (i) 
nutrients from synthesis in the lactocyte, 
(ii) those of dietary origin where the con-
centrations in the milk from the mammary 
gland are strongly related to the mother’s 
intake (38) and (iii) those from maternal 
reserves regardless of the state of the milk 
(39). The mother’s health and nutritional 
status, all this to guarantee one hundred 
percent of the caloric and nutritional intake 
demanded by the infant (29,30,39).

Mature milk is the food that is provided for 
a longer period in infant lactation compa-
red to the other phases of milk, which are 
transitional and of short duration. In fact, 
it has been suggested that the metabolites 
and microbiome of mature milk remain sta-
ble for up to 24 months (40). Therefore, it 

is of vital importance to characterize this 
biof luid and the relationship it has with the 
growth, and development of the infant and 
its physiological functions (41).

For an adequate metabolomic analysis of 
breast milk, several aspects must be consi-
dered, from its extraction, preparation, sto-
rage, and study. The most critical parts of 
the process are storage since this step must 
be carried out quickly and at appropriate 
temperatures, and study since it identifies 
polar and non-polar elements (42).

One of the techniques for the analysis of 
these compounds that provides a comple-
te view of the dynamics of breast milk is 
liquid chromatography adapted to mass 
spectrometry, since it guarantees a wide co-
verage of the metabolome of breast milk, 
especially for its fatty part (glycerophos-
pholipids and sphingolipids of low abun-
dance), in addition, it allows monitoring 
short-term changes and the composition of 
variable metabolites. However, it should be 
clarified that the analysis to quantify HMO 
can only be performed in those that have a 
reference standard (26,43,44).

Currently, there are new study techniques 
such as mass spectrometry with capillary 
electrophoresis that allow an evolution in the 
study of the metabolome of diverse fluids, 
given that it identifies highly ionic and po-
lar elements such as organic acids, sugars, 
and amino acids that cannot be appreciated 
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through liquid chromatography, however, 
being a recent technique, it is difficult to ac-
cess and presents a higher cost (45).

Considering that this l iquid is stable 
throughout the months, its classic distri-
bution of metabolites is highlighted. The 
main component and the one which is pre-
sent in greater quantity is water with 88% 
- 90%, as quality it presents an osmolarity 
like that of the blood plasma which allows 
the infant an optimal hydroelectrolytic ba-
lance without having additional water re-
quirements (41).

Lipids are the most abundant solid fraction 
during this stage of breast milk, contribu-
ting 40% to 55% of the total energy of the 
milk, followed by carbohydrates, conside-
ring that the most abundant in mature milk 
is lactose (6.7 g/100 ml). This disaccharide 
provides the infant with a high energy de-
mand for brain function and when meta-
bolized, it is the most important source of 
galactose for the maintenance and develop-
ment of the central nervous system (30,41).

The protein contained in mature milk is 
produced in 80% to 90% by the lacto-
cytes of the mammary gland, making it 
the third most abundant sol id in breast 
milk (41,46). In addit ion, breast milk is 
characterized by the presence of different 
compounds, not nutrients, which toge-
ther with the macronutrients wil l be es-
sential in the infant’s nutrit ion, fulf i l l ing 
physiological ly specif ic functions.

Although the systems of the term neonate 
are complete, many of them are immature. 
There is a variety of evidence correlating 
the metabolites in breast milk and the in-
f luence it has on maturation.

Growth and development is an event that oc-
curs during the stage of conception and ends 
with adolescence, having one of its highest 
peaks during the first year of life, since it in-
fluences the exponential maturation of all or-
gans and tissues to ensure proper functioning 
in the rest of the stages of life (47).

There are specific metabolites for the di-
fferent adaptations of the infant’s systems; 
however, the growth factors in breast milk 
play a transversal role in all the develop-
mental processes of the child, since among 
their fascinating characteristics is their abi-
lity to reach the target organs intact, such 
as the nervous, gastrointestinal, respiratory, 
epithelial, and circulatory systems (48). Me-
tabolites in the gastrointestinal tract

The infant’s stomach has a reduced gas-
tric capacity, and the intestine has not yet 
reached its potential in size. This is where 
the importance of feeding with breast milk 
lies since its composition contains growth 
factors such as vascular endothelial growth 
factor (VGEF), which interacts with speci-
fic receptors of the intestinal mucosa, parti-
cularly with those of the epithelial lineage. 
This generates hyperplasia and hypertro-
phy favoring the absorptive capacity of nu-
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trients (22,49) It should be noted that the 
newborn has been exposed to microbial 
f lora since the uterus, however, there is no 
established symbiosis (50).

Breast milk from the early stages of lacta-
tion provides the amount of enterobacteria 
necessary to enhance the immune response 
and metabolic processes. For these bacte-
ria to survive, the metabolites that func-
tion as prebiotics are mainly HMOs, which 
are the third most abundant solid unit in 
breast milk, presenting up to 200 different 
HMOs, which makes it the mammalian 
milk with more of these compounds in a 
concentration of 16 g/L in milk (51,52).

On the contrary, they are used by non-pa-
thogenic bacteria (53), especially by those 
belonging to the bifidobacteria genus, pro-
viding substrates which, when metaboli-
zed, confer beneficial effects (52), such as 
the generation of short-chain fatty acids 
(SCFA), which create a stable intestinal 
ecosystem (30,54).

The growth and maturation of the neona-
tal intestinal mucosa play a primordial role 
in the capacity of nutrient absorption and 
confer health and immunity to the infant. 
Certain growth factors and cytokines pre-
sent in breast milk by mammary secretions 
such as TGF- β 2, EGF or FGF21, TGF 
β 2, and IL-10 promote intestinal matu-
ration, configuring a uniformity in the 
microbiome by means of particular inte-

ractions between probiotic bacterial stra-
ins and these elements, thus guaranteeing 
diversity in the microbiota (55,56).

The same happens in pre-term neona-
tes, who need to increase the rate of early 
growth and brain development due to their 
physiological conditions, so the milk of 
pre-term mothers is adapted to these rapid 
growth needs (57) thanks to its content of 
insulin-trophic and branched-chain amino 
acids, lacto-N-fucopentaose, choline and 
hydroxybutyrate, which are fundamental 
metabolites in energy utilization, protein 
synthesis, oxidative status and maturity of 
intestinal epithelial cells so important in 
prematurity (58).

Breast milk is the main exogenous source 
in the infant of compounds called polya-
mines. Among them, spermine and sper-
midine stand out in this biof luid, which 
generates growth, mucosal maturation, 
and cellular proliferation in the neonate 
(59). The tissues lining the baby’s intesti-
ne are labile grow at high rates and have a 
very high turnover activity, which is why 
breast milk offers high concentrations of 
these molecules (30).

The enterocyte is the cell that makes up the 
intestinal parenchyma and its optimal func-
tion, maturation, and activity are directly 
related to the substrates that reach it (60). 
The free amino acids that reach the intesti-
ne through the ingestion of breast milk are, 
with the greatest abundance, glutamine, 
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and glutamate, comprising 70% (61). Glu-
tamine is a precursor of intestinal health, 
so its absence as an exogenous supply will 
limit the functioning of enterocytes, due 
to the fact that its endogenous synthesis is 
limited (62). It has the capacity to be oxi-
dized by intestinal cells and immune tissue 
present in the intestine, which makes it an 
energetic substrate for the periods of rapid 
and exponential growth that this organ un-
dergoes in the first months of the life of 
the infant (61,62). Additionally, glutamine 
in the company of microbiota supports the 
intestinal barrier function by modulating 
certain specific intracellular pathways and 
decreasing the permeability of the wall (62).

Glutamate, an amino acid that increases 
throughout lactation, contributes to the 
necessary production of energy to support 
intestinal functions, and neurodevelop-
ment, in addition to promoting the micro-
biota in the infant’s intestine and regula-
ting appetite (30,63,64).

For an adequate absorption and facilitation 
of the metabolism of nutrients, there are 
substrates that intervene in this task, such 
as lactoferrin, osteopontin, milk fat globu-
le membrane (MGFM), and palmitic acid, 
this helps the absorption of calcium and 
magnesium, and jointly decreases constipa-
tion in the newborn (30,65-67).

The maturation and integrity of the gas-
trointestinal tract are of vital importance 
since this system performs the uptake and 

absorption of nutrients, directing them into 
the bloodstream to reach the other sites in 
the body, in seeking to satisfy the needs of 
the organs for optimal development (68).

Metabolites in the immune system

At birth, the infant is directly exposed to 
all the pathological factors that previous-
ly protected it in the amniotic sac, placen-
ta, and intrauterine environment (69). The 
newborn presents a complete immune sys-
tem, however, portrays some specific defi-
cient functions such as “physical and che-
mical barriers, deficient function of innate 
effector cells, limited and delayed produc-
tion of secretory immunoglobulin A (IgA), 
complement cascade function, and insuffi-
cient anti-inf lammatory mechanisms of the 
respiratory and gastrointestinal tracts” (66).

The main immunological protectors of 
breast milk are immunoglobulins, inclu-
ding IgG, IgM, and IgA. The latter is the 
most prevalent and inhibits the binding of 
pathogens to the intestinal epithelium by 
trapping them in layers of mucus. IgM is 
responsible for binding identified patho-
gens and thus activating the complement 
factor. IgG transports, by phagocytosis, 
the antigens to the lamina propria, and has 
the capacity to activate the complement 
factor (66).

One of the fundamental components in this 
stage for the strengthening of the immu-
ne system is the growth factors since they 
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have an immunoregulatory function due to 
the action they exert on the cells of the me-
senteric lymph node, thus allowing a nota-
ble increase of the natural killer (NK) cells, 
maturation of lymphocytes and reduction 
of cytokines which are directly related to 
allergic reactions (56). The function of both 
epidermal growth factor (EGF) and trans-
forming growth factor (TGF) are involved 
in modulating the inf lammatory response 
and improving the response to pathogens 
thanks to the production of B lymphocytes, 
immune cells of the thymus and lymphoid 
tissues (12,34,70). Macrophage colony-sti-
mulating factor (M-CSF) and granulocyte 
colony-stimulating factor (G-CSF) con-
tribute to the survival of macrophages in 
breast milk (69).

The latter together with neutrophils, T 
cells, stem cells, lymphocytes, antimicro-
bial factors, immunoglobulins, and cyto-
kines operate in networks and orchestrate 
the functions of the infant’s immune sys-
tem (71). Speaking especially of stem cells, 
they trigger the beginning of the immune 
system response in the newborn, since they 
have the capacity to migrate to different 
organs and differentiate, among which is 
the thymus which, being a lymphoid and 
specialized organ of the immune system, its 
development will be directly related to the 
cellular immune response of the neonate’s 
organism (72)(73).

Breast milk contains cytokines which are 
pluripotent peptides that have an immu-

nostimulatory and immunomodulatory 
effect, inducing phagocytosis and antigen 
presentation, growth, and differentiation 
of immunoglobulin, and suppressing the 
production of immunoglobulin E (IgE). 
In summary, they are not only responsible 
for passive protection but also intervene in 
the immunological development of the re-
cipient infant (52,69). Within the mammary 
gland, IL-6 participates especially, genera-
ting, in an increased manner, IgM and IgA 
immunoglobulins and decreases IL-1 and 
TNF α (74).

The metabolite responsible for iron depri-
vation, alteration of membranes of patho-
genic microorganisms, microbial receptor 
analogs, and favoring the growth of epi-
thelial cells is lactoferrin and its derivatives 
which have antimicrobial and fungicidal 
functions (65,75).

Lipids also modulate the immune system. 
For example, phospholipids, although they 
are in smaller quantities compared to colos-
trum and transitional milk, play an indis-
pensable role in immune and anti-inf lam-
matory responses of the infant together 
with omega 3 and omega 6 fatty acids since 
they are fundamental in anti-inf lammatory 
and inf lammatory processes respectively 
(76-78) Other lipids involved in the immu-
nity of the infant are short chain fatty acids 
from the metabolism in the microbiota of 
HMO. Their mechanism is to acidify the 
intestinal lumen and thus prevent bacterial 
growth (52).
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Other inf luential metabolites are osteopon-
tin which performs immune regulation by 
interacting with cell surface integrins and 
CD44 receptors (65,79) and simultaneously, 
glutamine and glutamate are immunomo-
dulators preventing neonatal allergies and 
infections (61).

Many pathogens, to infect, adhere to the 
glycocalyx, which is a layer that covers epi-
thelial cells and is formed by glucans, pro-
teins, and lipids. HMOs are structurally 
like glucans, which is how pathogens and 
toxins identify them as sites of adherence 
and thus transit the gastrointestinal tract 
without causing disease (29,52,80). Meta-
bolites in neonatal metabolism.

At this stage of life, the newborn requi-
res precise amounts of energy from breast 
milk nutrients for proper organ function 
and thus promotes constant growth and 
development. The lipids in breast milk are 
the main metabolites in the production of 
energy that the newborn needs to fulfill 
and maintain the body’s functions. About 
98 to 99% of these are composed of tria-
cylglycerols, whose properties are derived 
from the fatty acids of which they are com-
posed (67,81).

The lipid fractions in breast milk are dis-
tributed as follows: “34% -47% Saturated 
fatty acids being mainly palmitic acid with 
17% -25%; 31% to 43% are monounsatu-
rated fatty acids (MUFA), polyunsaturated 
fatty acids (PUFA) with 12% -26% omega 6 

(n-6) and 0.8% -3.6% omega 3 (n - 3)” (30). 
Concluding that the ratio of unsaturated 
versus saturated fats is higher than in other 
mammals (67).

Mature human milk stands out for contai-
ning a higher concentration of lipids, which 
form the structure of the cell membrane, 
are responsible for signal transmission and 
cell recognition in signaling pathways, as 
well as inf luencing lipoprotein metabolism, 
being transporters and sources of fat-solu-
ble vitamins (81).

Some of the fatty acids that make up breast 
milk are palmitic acid, which, in addition 
to providing energy, has a surfactant func-
tion within the respiratory system, preven-
ting the collapse of the alveolus and, at the 
same time, contributes to the absorption of 
magnesium and calcium (30,67). The long-
chain polyunsaturated fatty acids involved 
in the growth and maturation of various 
organs in the infant are n-3 (α-linolenic 
acid) and n-6 (linoleic acid). However, not 
all lipids have an impact on adiposity gain. 
On the contrary, many of them will fulfill 
other tasks within the newborn’s organism. 
The only fatty acid that has been directly 
related to adipose gain is linoleic acid (82).

There are endogenous lipid mediators de-
rived from long-chain polyunsaturated fa-
tty acids called endocannabinoids. Althou-
gh their function has not been extensively 
studied or understood, Gaitan et al. esta-
blished that mature milk contains lower 
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levels of arachidonoylglycerol, which plays 
an important role in the sucking pattern of 
the infant (83). An important metabolite in 
energy generation is carnitine, since it pro-
motes lipid utilization by controlling the 
entry of fatty acids into the mitochondria, 
facilitating the oxidation of pyruvate and 
large amounts of branched-chain amino 
acids (67).

Another large group of metabolites favo-
ring energy production in the neonate are 
carbohydrates. Their total amount is rela-
ted to the infant’s length, weight gain, and 
percentage of fat-free mass (84). Lactose is 
positively associated with weight gain and 
adipose reserve in the period from 3 to 12 
months of the infant (82), this is closely re-
lated to the increase of this disaccharide in 
human milk as the lactation time passes; 
and to maintain the osmotic state in balan-
ce, citrate, which is part of the intermedia-
tes in the energetic metabolism of the cells 
and in tricarboxylic acid, in this phase its 
quantity decreases (23). Its inf luence on in-
fant growth is fundamental since it allows 
the absorption of nutrients that are direct-
ly related to bone health and growth such 
as calcium and others such as copper and 
magnesium involved in the generation of 
energy through phosphorylation (85).

Amino acids that promote energy genera-
tion by providing nitrogen necessary for 
growth in the newborn are alanine, glu-
tamate, glutamine, isoleucine, threonine, 
valine, methionine, and the organic com-

pound creatinine, the latter of which trans-
ports energy to sites of ATP synthesis (36). 
Glutamine participates in growth by en-
hancing the effects of growth factors inclu-
ding insulin-like growth factor and epider-
mal growth factor, while glutamate acts on 
weight gain (22,30,36,61).

Metabolically active proteins that are syn-
thesized in the adipocyte have important 
metabolic functions, these are called adi-
pokines formed by leptin that produces 
satiety, leads to high energy consumption, 
and increases serotonin availability; adipo-
nectin increases insulin sensitivity; ghrelin 
favors regulation of energy metabolism and 
stimulates the secretion of growth hormo-
ne (GH) and obestatin modulates cell pro-
liferation (86,87).

The growth factors play a fundamental role 
in the formation and maturation of various 
organs that consequently avoid any altera-
tion in the baby’s organism and promote 
adequate growth, the main ones are: vascu-
lar endothelial growth factor (VEFG), he-
patocyte growth factor (HGF), epidermal 
growth factor (EGF) and insulin growth 
factors (IGF) (22) At the same time, polya-
mines that regulate development and stress 
response are necessary for cell growth and 
proliferation (59,77).

Each organ or system within the newborn’s 
body uses specific metabolites for healthy 
development and within normal parame-
ters. Thus, micronutrients such as zinc, 
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iron, and copper are used for the functions 
of most of them because they are part of 
enzymes, biocatalysts, and cofactors of di-
fferent reactions (88). On the other hand, 
vitamins B5, B6, B9 and B12 perform bio-
logical activities in nucleic acid production 
and inf luence metabolic pathways such as 
glycolysis, gluconeogenesis, and amino acid 
metabolism. Together with other cofactors, 
they can inf luence DNA methylation by 
carbon metabolism (89). Organs such as 
the brain, pancreas, thymus, spleen, kidney, 
and liver mature mostly due to stem cells 
contained in breast milk (22,73).

Visual development is strongly inf luenced 
by the contribution of DHA and taurine 
(90) and the circulatory system benefits 
from choline and betaine for the preven-
tion of cardiovascular diseases that may 
affect the health of the newborn (91). Hen-
ce lies the importance of the contribution 
of breast milk, since it has been shown that 
infants fed with this biof luid have a higher 
excretion of choline than those fed with 
formula milk, which implies better covera-
ge (36,92).

Metabolites in bone development

Ossification in infancy is dependent on cal-
cium and phosphorus (in a ratio of 1.2 to 
2 respectively) and on vitamin D which is 
found in its original form in very low le-
vels in breast milk but is sufficient to per-
form the functions of calcium homeostasis 
and bone metabolism accompanied by high 

concentrations of parathormone (PTHrP) 
which reduces the risk of hypocalcemia due 
to rapid accumulation in the bone (93,94).

Metabolites in the nervous and 
cognitive system

The brain is one of the organs that requi-
res specific nutrients and metabolites for 
its development. The neonate needs high 
demands to fulfill the 4 stages of matura-
tion that may not be consecutive, but si-
multaneous, they are cell proliferation; 
migration; organization and lamination of 
the brain; and finally, myelination. These 
are affected by internal or external factors 
so that an inadequate supply of nutrients 
would delay optimal maturation (95).

Neural myelination allows an adequate 
transmission of nerve impulses. During the 
lactation period. The baby receives sphin-
gomyelin through the mother’s milk which 
promotes the coating of neurons and impro-
ves neurobehavioral development in infan-
cy (96). With the help of B vitamins, brain 
plasticity, and neuronal differentiation are 
regulated, promoting other brain functions 
(71). Particularly vitamins B9 and B12 are 
involved in homocysteine metabolism and 
myelin preservation. Their deficiency may 
lead to neurodevelopmental disorders (89).

Lipids and HMO are the metabolites with 
the greatest incidence in brain health, both 
in its development and in good neuronal 
functioning, because the brain is the organ 
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that houses a large amount of lipids after 
adipose tissue, the difference being that 
brain lipids are mainly polyunsaturated fat-
ty acids and structural phospholipids of the 
membranes (97).

This is demonstrated by linolenic acid by the 
contribution of DHA which particularly tar-
gets the gray matter areas involved in motor 
control, sensory integration, and tension. In 
turn, arachidonic acid (ARA) derived from 
omega 6 is responsible for the plasticity of 
the hippocampus (89) and together with 
linoleic acid promotes brain development, 
neurotransmission, and normal functions of 
the cell membranes of the central nervous 
system (CNS); as well as HMO, in view of 
the fact that when fermented in the intestine 
they induce a regulation in brain signaling 
and inflammation that can generate some 
irreparable lesion (48,53,71).

Palmitic acid, although it is not a polyunsa-
turated fatty acid, is part of the lipids that 
play an essential role in the transport of 
proteins throughout the nervous system by 
a process called palmitoylation (98).

The main source of energy in the brain is 
attributed to glucose, which is obtained 
from various carbohydrates, and the nor-
mal processes of synapses and nerve impul-
ses depend on its constant supply (89).

One of the oligosaccharides in human milk 
is 2’-fucosillactose (2’FL) and together with 
a metabolic resultant of them, sialic acid, 

which participates in the synthesis of gan-
gliosides and glycoproteins to which im-
portant roles in neural growth are attribu-
ted, have evidenced notable improvements 
in later ages in memory, attention, and cog-
nitive results (52,53,97). However, for these 
processes to occur, brain maturation must 
be properly established (53).

A large group of diverse metabolites stimu-
lates the above-described, such as creatine, 
betaine, choline, lactoferrin, osteopontin, 
fat globules, leucine, isoleucine, and va-
line. Any error in the metabolism of the-
se triggers direct neurological disorders. 
It should be noted that the amino acids, 
together with others such as methionine, 
participate in the regulation of the sleep-
wake cycle in infants (22,36,67,99). While 
taurine allows a balance in terms of neural 
cell volume (41,100). The organization and 
distribution of the nervous system (NS) are 
modulated by the brain-derived neurotro-
phic factor (BDNF), glial cell line-derived 
neurotrophic factor (GDNF), S100B, and 
neurotropin (NT-3) which are part of the 
growth factors and are highlighted as they 
help vascularization, maintenance and de-
velopment (101-104). Vitamin D, although 
not part of the growth factors, its deficien-
cy may cause behavioral and learning di-
sorders later, because it directly induces the 
activation of nerve growth factors and, ad-
ditionally, promotes neurite outgrowth and 
protects hippocampal neurons from under-
going apoptosis (89).
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There is much evidence correlating breast 
milk metabolites and their inf luence on the 
growth, development, and health of the in-
fant, but it is even more important to eva-
luate whether there are maternal factors or 
conditions that may alter this composition 
and at the same time its benefits.BF in ges-
tational diabetes mellitus (GDM)

GDM is a pathology defined as “carbohy-
drate intolerance that is discovered or ma-
nifests itself for the first-time during ges-
tation” (12). Metabolic diseases condition 
maternal metabolism, which could affect 
the quality of breast milk during the lacta-
tion period since it is made from maternal 
substrates (9,39,105). GDM brings seque-
lae to both the mother and the newborn, 
which consequently can alter the composi-
tion of human milk and the effects of lacta-
tion such as delayed lactogenesis (103).

Some of the metabolites that are affected in 
mature milk will be described below, con-
sidering that 17 metabolites are altered at 
this stage of the 28 in total that are altered 
throughout lactation because of GDM (10).

Although energy does not correspond to a 
single metabolite, but is the contribution of 
macronutrients comprised in breast milk, 
according to Shapira and collaborators, the 
energy content in maternal mature milk 
was shown to be higher in healthy mothers 
when compared to mothers with GDM.
While another study conducted in 2017 
mentioned that in women with high preges-

tational BMI and GDM presented increa-
sed concentrations of fat and energy levels 
(27,106,107). It is speculated that the hypo-
glycemic diets that mothers with GDM 
undergo may be related to the decrease in 
energy content in this group, however, the 
mechanism has not been defined and the 
correlation is not established (106).

Regarding protein, it should be clarified 
that the literature is not yet so specific. 
However, Dritsakou and collaborators 
made significant findings regarding redu-
ced levels of protein in mature milk in mo-
thers with a controlled diet in GDM (107). 
When evaluating the quantity and concen-
tration of lactoferrin and IgA in the milk 
of these mothers, it was demonstrated that 
GDM did not affect these metabolites, the-
refore, there were no changes, even if they 
were insulin dependent. It should be clari-
fied that when a survey of the studies was 
made, no significant changes were found in 
terms of protein in mature breast milk, al-
though it is important to report that GDM 
generates modifications in the proteins of 
human colostrum (103).

Six of the lipids suspended in the breast 
milk of mothers with GDM showed altera-
tions. Five of them decreased in quantity, 
being 1 a saturated fatty acid (pimelic acid) 
and 4 unsaturated fatty acids (9-heptade-
canoic acid, 10-pentadecanoic acid, 2-hy-
droxyglutaramic acid, and nervonic acid), 
while only one of saturated character in-
creases its concentration (lignoseric acid) 
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(10). Lipid changes are considered signifi-
cant in the study of Dritsakou et al. and 
Shapira et al. in terms of increased concen-
trations (106,107).

It has been shown that infants breastfed 
with milk from a mother with GDM lead 
to excessive weight gain at one year of life, 
directly related to the high lipid content. It 
is for this reason that the importance of an 
adequate intake of breast milk from mo-
thers with GDM together with specialized 
and modified formula milk especially for 
these infants has been described to opti-
mize results in body composition in later 
stages of lactation (27). The carbohydra-
te content is modified since 3 metabolites 
corresponding to this group are increased, 
they are iditol, galactitol, and sorbitol (27).
In contrast, the study “The effect of ges-
tational diabetes mellitus on human milk 
macronutrient content” found a lower con-
centration of all saccharides in the mature 
milk of GDM.In parallel, the study “The 
impact of maternal- and neonatal-associa-
ted factors on human milk’s macronutrients 
and energy” reports no evidence of signifi-
cant changes in these (106,107). In gene-
ral, studies found no modifications in to-
tal carbohydrate levels between milk from 
healthy mothers and mothers with GDM, 
including insulin-dependent mothers (103). 
As for the hormones in the mature milk of 
mothers with this pathology, the variability 
found in insulin was related to an increa-
se, especially in those who received exoge-

nous insulin doses, while adiponectin was 
decreased, but in a specific period of time 
(day 90 of mature milk supply) (108). The 
hormone responsible for heat production 
in the neonate and for the conversion of 
white adipose tissue to brown adipose tis-
sue is irisin, which according to Fatima and 
coworkers, is reduced in the BF of mothers 
with this disease (109).

Metabolites related to anti-infectious ac-
t ivity such as quemerin and dermicin, 
which st imulate the action of macro-
phages in inf lammation, show higher 
amounts in the milk of mothers with 
GDM than in healthy mothers. Their im-
portance in the prevention of diabetes in 
the offspring is highlighted (110).

The metabolomic profile of breast milk in 
GDM is varied and very broad; however, 
there are no recent studies that confirm the 
changes and associations of this metabolic 
alteration of the mother with the metabo-
lites in the milk produced postpartum, es-
pecially in the mature milk stage. Although 
there is evidence of an incidence of altera-
tion of the microbiota that can modify this 
profile (111,112).

Conclusion

As a result of an exhaustive and detailed 
search of recent studies on breast milk and 
the effects on the metabolome that it can 
suffer due to a metabolic alteration such as 
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GDM, it is concluded that breast milk con-
tinues to be the gold standard of nutrition 
in the first months of life, which is cons-
tantly ratified in research on the benefits 
in growth, development, and health of the 
neonate and in later stages due to its specia-
lized metabolite content.

Perinatal physiology prepares the mother 
to respond to nutritional needs after bir-
th, which will be satisfied through breast-
feeding regardless of a pathological condi-
tion such as GDM. In short, the mammary 
gland and maternal metabolism generate 
adaptations to provide the infant with all 
the necessary metabolites without signifi-
cant changes that could demonstrate altera-
tions in the growth and development of the 
offspring of mothers with GDM. Despite 
this, there is no clear evidence to certify 
that GDM breast milk induces the develo-
pment of metabolic diseases in infants at 
future ages.

In view of the above, more clinical trials 
are needed to corroborate in a broad and 
deep way the variations in the metabolo-
me of breast milk in this pathological con-
dition, its relationship with being a con-
ditioning factor for the development of 
future metabolic diseases in the newborn 
and whether they are inf luenced by exter-
nal factors, mainly the mother’s diet, which 
has heterogeneous characteristics such as 
culture, geographic region, socioeconomic 
situation and other social determinants; In 
addition, to inquire about the metabolism 

and adaptations of the mammary gland that 
responds to the needs of the infant even in 
this pathological condition.
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