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Abstract: Non-communicable diseases continue to increase globally and have their origins early in life.
Early life obesity tracks from childhood to adulthood, is associated with obesity, inflammation, and
metabolic dysfunction, and predicts non-communicable disease risk in later life. There is mounting
evidence that these factors are more prevalent in infants who are formula-fed compared to those
who are breastfed. Human milk provides the infant with a complex formulation of lipids, many
of which are not present in infant formula, or are present in markedly different concentrations,
and the plasma lipidome of breastfed infants differs significantly from that of formula-fed infants.
With this knowledge, and the knowledge that lipids have critical implications in human health,
the lipid composition of human milk is a promising approach to understanding how breastfeeding
protects against obesity, inflammation, and subsequent cardiovascular disease risk. Here we review
bioactive human milk lipids and lipid metabolites that may play a protective role against obesity and
inflammation in later life. We identify key knowledge gaps and highlight priorities for future research.

Keywords: lipidomics; human milk; developmental origins of health and disease; infant programming

1. Introduction

The incidence of non-communicable diseases (NCD), including type 2 diabetes, cardio-
vascular disease and chronic obstructive pulmonary disease, is rapidly increasing and NCD
are predicted to contribute to over 75% of deaths worldwide by 2030 [1]. The pathogenesis
of most NCD begins in childhood, as early as the first 1000 days of life, and during this
period of developmental and physiological plasticity, nutrition is a key determinant of
long-term health outcomes [2]. Both primordial and primary prevention are essential to
reduce the global burden of obesity and downstream NCD.

Key risk factors for NCD in adulthood are obesity and metabolic dysfunction, and
adverse childhood adiposity is a risk factor for both obesity and metabolic dysfunction
in adulthood [3]. There is considerable evidence that breastfeeding is protective against
excess adiposity, with breastfed infants having lower adiposity and a 13–26% reduction
in overweight and obesity compared to those who are not breastfed [4,5]. Breastfeeding
occurrence and duration are inversely associated with both the extent and velocity of infant
weight gain, and infants who are formula-fed have different growth trajectories and higher
rates of obesity and diabetes later in life compared to their human milk-fed counterparts [6].
In addition, inflammation is increased in obesity and is a shared pathogenic mechanism
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for most NCD in adults [7]. Numerous factors contribute to inflammation, including rapid
weight gain and infections, both of which are more common in formula-fed infants than
those who are breastfed [4,8]. Reduction or modification of adiposity and inflammatory
trajectories early in life, through breastfeeding, are of considerable interest and may help
reduce NCD risk later in life.

The protective effects of breastfeeding on early and later disease risks may be driven, at
least in part, by the unique and complex lipidome (lipid composition) of human milk. There
is increasing evidence of the importance of lipids in human health and given the differences
between human milk and infant formula lipid composition, as well as differences in the
blood lipidome of breastfed and formula-fed infants, the lack of exposure to the human milk
lipidome may contribute to metabolic dysfunction and the higher risk of NCD observed in
formula-fed infants. As such, human milk lipidomic analyses are a promising approach
to investigate protection against obesity, inflammation and later NCD [9–12]. There are
several mechanisms through which bioactive lipid species may protect the newborn infant
against NCD risk. For example, ether lipids such as alkyldiacylglcyerols may sustain
thermogenic beige adipose tissue and thus reduce obesity, monoacylglycerides released
from triacylglycerides may protect against infection and thus cumulative inflammation,
while certain fatty acids may contribute to optimal infant lipid metabolism [13–15]. Such
mechanisms are intimately related to infant growth and prime health for life (Figure 1).Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 13 
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children, and premature loss of beige adipose tissue has been proposed as a potential 
cause of obesity (Figure 1A) [13]. Adiposity and growth trajectories differ between infants 
who are exclusively breastfed, mixed-fed, or exclusively formula-fed. Children who are 
breastfed have more beige adipose tissue, and increased weight, length and fat deposition 
in the first few months of life, then slowed growth to one year of age. In contrast, formula-
fed infants have less beige adipose tissue and more rapid weight gain throughout the first 
year of life [26]. Recent findings indicate an inverse relationship of breastfeeding duration 
with infant weight gain and body-mass index (BMI), and that rapid growth in the first 
year is associated with a high fat mass and central fat distribution, and therefore obesity 
risk [6,27,28].  

Figure 1. Summary of the possible roles of bioactive human milk lipids and lipid metabolites
in protecting the infant against non-communicable disease risk. Lipids and lipid metabolites are
delivered to the infant early in life through human milk and contribute to (A) lower risk of obesity,
(B) reduction in cumulative inflammation, and (C) establishment of healthy metabolism and lipid
regulation. Arrows indicate identified associations between human milk components and infant
protection, as per the literature. Key articles included in the review are referenced [7,13,15–20].

It should be noted that human milk contains a myriad of components that are involved
in infant growth, health and development, and that lipids and lipid metabolites are only
one component of interest. The biological relevance of the human milk lipidome, however,
is relatively novel and under-investigated. Therefore, in this review we present the current
knowledge on human milk lipids and lipid metabolites that may protect the breastfed
infant against obesity, inflammation, and later life NCD. A literature search was made
using variations of the following search terms (human milk, breastmilk, lipid, fat, outcomes,
obesity, inflammation, metabolism) and research articles were selected if they included
both measurement of lipids and/or lipid metabolites in human milk, and presentation of
findings with regards to infant outcomes (key articles and associations are summarised
in Figure 1) [7,13,16–20]. Due to the nature of this topic, very few articles met the search
criteria; therefore, articles were supplemented as necessary throughout this review to
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discuss possible mechanisms and highlight future research priorities and considerations to
identify and validate new findings.

2. Breastfeeding and Non-Communicable Disease Risk

There is an ever-growing body of evidence linking breastfeeding to a reduction in
obesity risk [5,21–23]. The World Health Organization recommends breastfeeding the
infant exclusively for the first six months of life and continued breastfeeding for up to
two years post-partum [4,24]. Specifically, original research, meta-analyses and systematic
reviews have identified that breastfeeding influences early life growth, inflammation,
and metabolism.

2.1. Early Life Growth

Early life is a critical period where adipose tissue increases and distributes throughout
the body and risk of chronic disease is established [25]. Adipose tissue is composed
of adipocytes, immune cells and other cell types, and brown, beige and white adipose
tissue are present in infants. During early development, brown and beige adipose tissue
predominate, while white adipose tissue predominates in adulthood and has the key
function of energy storage rather than thermogenesis [2]. This change from predominantly
brown and beige adipose tissue to predominantly white adipose tissue is accelerated in
obese children, and premature loss of beige adipose tissue has been proposed as a potential
cause of obesity (Figure 1A) [13]. Adiposity and growth trajectories differ between infants
who are exclusively breastfed, mixed-fed, or exclusively formula-fed. Children who are
breastfed have more beige adipose tissue, and increased weight, length and fat deposition
in the first few months of life, then slowed growth to one year of age. In contrast, formula-
fed infants have less beige adipose tissue and more rapid weight gain throughout the first
year of life [26]. Recent findings indicate an inverse relationship of breastfeeding duration
with infant weight gain and body-mass index (BMI), and that rapid growth in the first
year is associated with a high fat mass and central fat distribution, and therefore obesity
risk [6,27,28].

2.2. Early Life Inflammation

Exposures that result in dysregulated immune responses during early life may have
long-term consequences for health and disease. This time is a critical window of immuno-
logical development where critical changes are occurring in the developing immune system.
Additionally, leukocytes take residence in adipose tissue during this time [29,30]. Chronic
and cumulative inflammation is raised in obesity, and a risk factor for NCD, and early life
infections, stress, and rapid weight gain can all contribute to cumulative inflammation
(Figure 1B). Infants who are breastfed have overall lower inflammation. High sensitivity
C-reactive protein (hsCRP), an inflammatory marker, has been used as a marker of car-
diovascular disease risk in adults, and breastfed infants have 30% lower hsCRP than their
formula-fed counterparts at 12 months of age [31,32]. In addition, a study of 26-year-old
women identified that those who were breastfed had lower CRP than those who were never
breastfed [33].

2.3. Early Life Metabolism

The establishment of metabolic physiology occurs early in life and lipid dysregulation
is increasingly being recognised as a driver of obesity and cardiovascular disease risk [34,35].
Plasma lipidomics in adults has revealed that the dysregulation of lipid metabolism is
associated with the initiation and progression of many NCD. The clinical blood lipid panel
of children differs based on early life feeding practice, highlighting nutritional, and possi-
bly metabolic, differences (Figure 1C). Breastfed infants initially have higher cholesterol,
higher low-density lipoprotein, and lower high-density lipoprotein than formula-fed in-
fants, which normalises by six months of age, and lower cholesterol in adulthood [36,37].
Moreover, a more complex analysis of the plasma lipidome of breastfed infants at three
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months of age identified lower total phosphatidylcholines (PC), lower short chain unsatu-
rated fatty acid containing-PC, higher long chain polyunsaturated fatty acid containing-
PC, higher cholesterol esters and differing sphingomyelin compared to infants who were
not breastfed [9]. There is emerging evidence that breastfeeding significantly impacts the
plasma lipidome through the first year of life, with some circulating lipid species, such
as alkyldiacylglcyerols, present up to 17 times higher in those who were breastfed [12].
Although the exact effects of this on future disease risk remains unclear, prolonged breast-
feeding duration is overall related to a healthier plasma lipidome in childhood and through
teenage years. As such, breastfed infants have likely developed a beneficial metabolic and
hormonal response to feeding which persists in later life [38].

3. The Emerging Field of Human Milk Lipidomics and Non-Communicable Disease Risk

Human milk is comprised of a multitude of nutritive and bioactive factors, including,
but not limited to, lipids, proteins, carbohydrates, microbiome, immunoglobulins, and
hormones. Lipids comprise approximately five percent of the total milk profile, the second
most prevalent macronutrient after carbohydrates, yet provide over 50% of the energy
to the infant [39]. The human milk lipidome is a complex mixture of many hundreds
of lipid species across dozens of classes and subclasses, that together form human milk
fat globules. These fat globules are comprised of a neutral lipid core, surrounded by
a bilayer membrane containing cholesterol, phospholipids, and other lipids, as well as
lipid metabolites, proteins, and peptides [40]. Figure 2 provides examples of the lipid
species that will be discussed in more detail in this review. Human milk lipidomics, the
identification and study of all individual lipid species that comprise the human milk
lipidome, is a relatively recent field, having gained considerable traction over the last
five years [17,41–45]. Various human milk lipids have been associated with infant growth
parameters, but the underlying mechanisms or long-term effects of these on the infant are
poorly understood.
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4. Human Milk Ether Lipids

Ether lipids (Figure 2A) are a group of glycerol- or glycerophospho- lipids that contain
an ether or vinyl ether linkage in the sn-1 position of the glycerol backbone, including
alkylglycerols and plasmalogens. In humans, dietary alkylglycerols can be metabolised to
plasmalogens, through a complex process involving alkylglycerol kinase, gastric lipase and
pancreatic lipase. Plasmalogens are a highly bioactive ether lipid and are critical in human
health due to their many biological functions. They are structural components of cells,
potent antioxidants, and are critical to the differentiation of monocytes to macrophages,
potentially modulating inflammatory processes. Plasmalogens also regulate cholesterol
biosynthesis and efflux, and act as lipid mediators, providing a source of polyunsaturated
fatty acids for subsequent production of eicosanoids and prostaglandins [46]. In adults,
plasmalogens are altered in several disease states, reduced in obesity, type 2 diabetes and
coronary artery disease [47–49].

Ether lipids are a relatively new area of interest in the context of early life development.
Alkylglycerols are present in human milk but are negligible in most other food sources, and
therefore do not exist in appreciable quantities in the adult diet [13,50,51]. When saponified,
alkyldiacylglycerols lose their acyl chains at the sn-2 and sn-3 positions, leaving monoalkyl-
glycerols, which have been measured in human milk as 16:0, 18:0 and 18:1 fatty alcohols,
present in concentrations of approximately 3, 4 and 6 µmol/g protein, respectively. These
data, albeit from a single human milk sample at two months postpartum, equate to approx-
imately 27–36 µmol/L (O-16:0), 36–48 µmol/L (O-18:0) and 54–72 µmol/L (O-18:1) [13,52].
This study conducted complementary mouse experiments that showed alkylglycerols in
mouse milk maintain and prolong the lifetime of beige adipocytes in pups, resulting in a
higher beige adipose area, a higher mitochondrial count, a lower adipocyte size and a lower
triacylglyceride content. This beige adipose maintenance occurred via the metabolism of
alkylglycerols to platelet activating factor (PAF) in adipose tissue macrophages. This stimu-
lates the PAF receptor, leading to interleukin-6 secretion and the activation of the STAT3
signalling pathway to promote differentiation. The upregulation of genes that reduce lipo-
genesis, promote lipid catabolism, form beige adipose tissue and promote thermoregulation
within beige adipose tissue prevent the whitening of adipose [13]. In support of this, higher
amounts of beige adipose tissue have been measured in children who were breastfed than
those who were not, supplying evidence that human milk alkylglycerols may sustain beige
adipose in humans [13]. Other forms of ether lipids, such as plasmalogens, are also found
in human milk. Human milk alkenylphosphatidylcholine PC(P-18:0/18:0) was found in
significantly higher amounts for preterm infants receiving human milk on a faster growth
trajectory than for those on a slower growth trajectory [41]. Similarly, a positive association
has been reported in term infants between plasmalogen intake (mean PC-P concentrations
ranged from 17 to 485 nmol/L; mean PC-P intakes ranged from 14 to 363 nmol/day) in
the first three months of life and infant weight at three and six months of age; however, it
remains to be investigated if these are independent of total lipid intake [42].

The findings that alkylglycerols in human milk may promote a differentiation of
infant beige adipose tissue, and thus a growth trajectory that may reduce obesity risk,
is a compelling finding regarding the mediating role of human milk lipids in the link
between breastfeeding and protection against obesity [13]. Given that ether lipids are
highly bioactive in adults, and that ether lipid supplementation can change the lipidome
of adults to improve health, the translational potential of an increased mechanistic under-
standing of ether lipids in human milk is promising [53]. Ether lipids may provide infant
protection through other mechanisms; for example, previous in vitro studies indicate that
alkylglycerols enhance Lactobacillus proliferation, so they may also influence infant health
through the gut microbiome [54]. Ether lipids are currently not present in many infant
formulae, or are present in significantly lower concentrations than in human milk [11].
Further unravelling of the links between human milk ether lipids and infant growth and
inflammation will be essential to identifying if they provide similar, or additional protective
roles as they do in adults.
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5. Human Milk Fatty Acids

Fatty acids are carboxylic acids, the primary building blocks of all lipids (Figure 2B).
Many fatty acids have links to human health, obesity and NCD risk, most commonly omega
three (n-3) fatty acids, which are generally anti-inflammatory, and omega six (n-6) fatty
acids, which are pro-inflammatory. The balance of these fatty acids is essential in adult
health, where a lower plasma n-6:n-3 ratio is associated with a reduced risk of obesity,
inflammation, and NCD [55].

Fatty acids are present in human milk as constituents of lipids and, to a lesser extent,
as free fatty acids, and are the most researched of all the human milk lipids [18,44,45,56,57].
The human milk n-6:n-3 ratio appears important in infant growth; a lower ratio is beneficial
and is associated with an increased lean body mass at age four and five [43]. Similarly,
arachidonic acid (n-6) to eicosapentaenoic acid (n-3) and docosahexaenoic acid (DHA;
n-3) ratios in human milk have been associated with infant fat mass and percentage body
fat [44]. Human milk individual fatty acids and ratios appear to be important in adipose
development, with a likely mechanism involving peroxisome proliferator-activate receptor
gamma (PPAR-γ). PPAR-γ, and other PPAR isoforms, are transcription factors involved in
the regulation of many biological processes, including energy homeostasis and lipid and
glucose metabolism. PPAR- γ is present predominantly in adipose tissue and regulates
adipocyte differentiation via a phosphorylation pathway regulating fatty acid storage and
glucose metabolism [7]. PPAR-γ expression is increased by breastfeeding duration and
expression is associated with infant growth rate [58,59]. The role of human milk fatty acids
in this context is further supported by differences (especially in omega-6 and omega-3 lipid
species) in human milk from women with healthy weight compared to that from women
who are overweight, obese and diabetic, whose infants have a higher risk of obesity and
later NCD [45].

Fatty acids may also contribute to infant NCD risk through their modulation of inflam-
mation. PPAR-γ is also involved in the inflammatory response, with an anti-inflammatory
action, possibly through both the interference of pro-inflammatory factors and the pre-
vention of inflammatory gene transcription [7]. It is possible that fatty acids also prevent
inflammation through protection against infection. Individual fatty acids including oleic,
eicosenoic, linoleic, linolenic, palmitoleic and arachidonic acids also may have direct effects
on microbial virulence. For example, they are capable of inactivating lipid-enveloped
viruses, as well as neutralising pathogenic bacteria, and these are typically present in hu-
man milk in total relative abundances ranging from less than one percent (for arachidonic
acid) to over 40% (for oleic acid) [39]. The anti-viral and anti-bacterial properties originate
from both the free fatty acids and the monoglycerides that result from intragastric triacyl-
glyceride hydrolysis. Oleic acid and oleic acid-containing monoglycerides are the primary
antimicrobial products of infant milk digestion protecting against infection risk [14]. In a
cohort of mothers and infants with and without cold-like symptoms, there were significant
changes to human milk palmitic acid amounts, and similarly, palmitic acid-, lauric acid-
and linoleic acid-containing triacylglycerides were delivered to the healthy infant in higher
amounts than they were to unwell infants (defined as those with cold-like symptoms on
the day of sample collection; approximately 4.2 vs. 3.5 g/day, 9 vs. 7.7 g/day, and 1.25 vs.
1 g/day, respectively) [18,19].

Many other human milk fatty acid associations and possible pathways with infant
growth and inflammatory status have been suggested, although the data are much fewer
than other fatty acid findings. For example, it has been proposed that reduced exposure to
human milk short chain fatty acids in early life may program both allergy and overweight
risk through the action of short chain fatty acids on regulatory T and dendritic cells,
and involvement in fat oxidation and synthesis, in breastfed infants [7,17]. Women with
allergic disease (whose infants have a higher risk of also developing allergic disease)
have significantly lower concentrations of human milk acetate and butyrate than those
of non-atopic mothers [17]. However, the extent to which this is prevalent is unclear,
likely due to confounding factors, as another study found no link between human milk
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fatty acids and infant wheeze and asthma [56]. While short chain fatty acids are being
delivered to the infant in human milk, believed to originate from maternal circulation,
human milk oligosaccharides are also metabolised in the infant gut to produce short chain
fatty acids, and is therefore another consideration in understanding the role they play in
infant health [17]. Another possible way n-3 fatty acids may be involved in infant immunity
is through their positive association with IgA and sCD14 in human milk [60].The fatty
acid composition of different infant formulae varies significantly, and in comparison with
human milk, typically depending on the lipid source used for formulation [10]. Fatty acids
in the adult diet do have an important role in adult health, so it is reasonable that human
milk fatty acids would play an important role in infant health, and this area will continue
to produce interesting findings.

6. Human Milk Lipid Metabolites

The lipokine 12,13-dihydroxyoctadecanoic acid (12,13-diHOME), is a metabolite of
linoleic acid, produced in adipose tissue by the action of CYP2 and epoxide hydrolase
enzymes (Figure 2C). It is released from adipose tissue in response to exercise and cold
exposure [61].

In human milk, 12,13-diHOME has been reported at concentrations of 0.3–53.72 ng/mL.
Following maternal exercise, at 1 month postpartum, the concentration of human milk
12,13-diHOME can increase approximately 1.4-fold, and higher 12,13-diHOME is associated
with lower infant subcutaneous fat, and slower increase in BMI in the first six months
of infancy. In the same study, other oxidised linoleic acid metabolites in human milk,
12,13-epoxyoctadecanoic acid and 9,10-dihydroxyoctadecanoic acid, were inversely associ-
ated with infant body fat at one month of age [16]. In mice, an injection of 12,13-diHOME
increased fatty acid uptake into brown adipose tissue via fatty acid transporters in brown
adipocytes, promoting thermogenesis and reducing BMI and insulin resistance [61]. A
human cohort study showed it may be involved in the regulation of energy metabolism
and of brown adipose activation, with higher 12,13-diHOME levels associated with lower
plasma triacylglycerides and insulin [20]. It also appears to have a cardioprotective role,
reducing the negative effects of a high-fat diet on mice, supported by human studies which
demonstrated patients with heart disease had lower 12,13-diHOME than those without [22].
Through the promotion of ideal adiposity and growth, human milk 12,13-diHOME may
also offer this protection from obesity and NCD risk.

Further to this, increased gut bacteria-derived 12,13-diHOME (measured in infant
faeces) is correlated with infant eczema, asthma and allergy. This suggests that human
milk 12,13-diHOME could also have a role in immune regulation or function, but this is
not yet clear in infant health [62]. 12,13-diHOME has previously been shown to play a role
in the immune system and is elevated in the airways of adults who have asthma, both at
the baseline and following stimulation with allergens, and in cases of acute respiratory
distress syndrome [63]. This results from upregulation of pro-inflammatory LOX pathways
and represents a basal level of inflammation present in these respiratory and allergic
conditions [63]. 12,13-diHOME has been previously detected in bovine-milk based infant
formula, in concentrations similar to the upper tertile of those found in human milk from
healthy women but has not been further investigated in relation to infant growth [16]. The
specific role of 12,13-diHOME remains unclear in infants but given its link to health in
adults it is plausible that it offers critical protection in early life.

Interestingly, another lipid metabolite, lysophosphatidylcholine (LPC) 14:0, has re-
cently been presented as a link to infant obesity risk. Human milk fatty acids, including
myristic acid (C14:0), influence infant serum LPC 14:0, which has previously been linked to
rapid growth and obesity risk in childhood, and thus may also be a key lipid metabolite in
future understandings of the impact of human milk on lipid metabolism [15,64].
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7. Future Directions

The link between breastfeeding and obesity is well-established, but the mechanisms
are not clear, which has hampered translation [5,21,23,65]. It is clear that human milk
lipids and lipid metabolites play important roles in modulating the risk of obesity later in
life through multiple mechanisms (Figure 1). This is especially relevant, given the rising
importance of lipids in human health, and their therapeutic potential. Key focus areas for
future research are shown in Box 1.

Box 1. Future focus areas for understanding the role of human milk lipids and lipid metabolites in
obesity, inflammation and non-communicable disease risk protection.

Human milk lipids and lipid metabolites

v should be considered bioactive and included in early life studies
v need to be described comprehensively, in diverse populations
v need to be considered in combination with other biofluids, such as infant blood samples
v metabotypes or scores need to be developed and interrogated
v must be included within multidisciplinary research

To date, a comprehensive knowledge and understanding of the human milk lipidome
is lacking, particularly in relation to infant outcomes and mechanisms. Limited studies
have profiled some of the human milk lipidome, most commonly identifying around
300 lipid species, and up to around 700 (tentatively identified) lipid features over multiple
analytical methods, across a limited number of Australian, Asian and European popula-
tions [11,19,42,57,66]. While these studies cover some geographical differences, specific
details regarding maternal genetics, health and diet are mostly lacking. Future research
should strive to collate more maternal data, including dietary information, and study di-
verse cohort populations to further the knowledge on the impact these have on the human
milk lipidome and subsequent infant health. Further to this, sampling introduces major de-
grees of lipid variation, and thus comprehensive sampling is required to make use of such
a lipidomics strategy, and sampling remains an important puzzle piece for interpreting and
understanding the dynamics of the human milk lipidome. The variability and importance
of sampling has previously been described; briefly, concentrations of single undefined
human milk samples will differ greatly depending on time of day, time in lactation and
if it was collected before, during or after a feed [67]. Furthermore, it appears that Holder
pasteurization does not change the total lipid composition; however, there is no evidence
to show whether individual lipids are altered by this, or other, processing methods. This is
an essential consideration in the context of milk donations to ensure that these bioactive
species are delivered to infants receiving donor milk [68]. Infants also consume different
human milk volumes, which means that it is still quite difficult to standardise sampling,
compare studies and link human milk lipids and lipid metabolites to infant outcomes [69].
With all of this in mind, studies are often limited by the number of human milk samples
collected, and how detailed the collections are. For example, the evidence for alkylglycerols
sustaining infant beige adipose tissue is interesting; however, the analysis was only carried
out in a single milk sample from a single participant and thus a more thorough investigation
is warranted to understand their importance and possible trends throughout lactation [13].

To better understand the role of human milk lipids and lipid metabolites, other bioflu-
ids, including infant blood samples, should be incorporated carefully into longitudinal
studies. It is not clear exactly how human milk lipid intake may directly influence the infant
plasma lipidome (circulating lipids) and additional sample types would help to define
these metabolic links. Findings in blood are limited to very few studies which predom-
inantly demonstrate the differences in the lipidome between breastfed and formula-fed
infants [9,70]. It remains to be seen whether low n-6:n-3 ratios in human milk, for example,
lead to the desired low n-6:n-3 blood ratio in the infant, which is known to be protective in
adults. Although only briefly mentioned in this review, interactions between human milk
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lipids and gut microbiome, through faecal samples, will also be an important focus, given
the importance of human milk oligosaccharides and the microbiome in early life growth
and inflammation [54].

The integration of lipidomics in human health research has led to the emergence of
metabotypes (defining population sub-groups by similarities in their metabolic profiles)
or scores (assigning score values based on metabolic or phenotypic profiles) to interpret
results, allowing an interrogation of the entire dataset, rather than a simple interrogation
of individual species within a large dataset [35,71]. The incorporation and improvement
of these will be required for human milk lipidomics, and an overall understanding of
human milk components and their complex interactions. Distinct overall human milk
lipid patterns have been identified between slow- and fast-growing infants, both term and
preterm, with associations capable of predicting the growth group [71,72]. These analyses
require an advanced bioinformatics approach and signpost the direction of future work to
ensure that complex causal relationships can be defined between human milk lipids, infant
health and NCD risk.

Finally, a more sophisticated multidisciplinary and holistic approach is required,
incorporating multiple milk components, additional feeding data, clinical data and immune
profiling to understand these complex relationships and to account for confounding factors.

8. Conclusions

Human milk lipids and lipid metabolites are emerging as key candidates involved in
the protection of the infant against obesity, inflammation and NCD. To understand their
protective functions, human milk lipids and lipid metabolites need to be recognised as
bioactive and new profiling strategies will be required to understand these lipids at an
individual species level, and as a system of many different components in human cohorts.
High quality future work in this field will ultimately contribute to our understanding of
early life health and development, and to the prevention of obesity, inflammation, and
NCD later in life.
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