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ABSTRACT
Polar lipids including glycerophospholipids and sphingophospholipids are important nutrients and 
milk is a major source, particularly for infants. This systematic review describes the human and 
bovine milk polar lipid composition, structural organization, sources for formulation, and physiological 
functionality. A total of 2840 records were retrieved through Scopus, 378 were included. Bovine 
milk is a good source of polar lipids, where yield and composition are highly dependent on the 
choice of dairy streams and processing. In milk, polar lipids are organized in the milk fat globule 
membrane as a tri-layer encapsulating triglyceride. The overall polar lipid concentration in human 
milk is dependent on many factors including lactational stage and maternal diet. Here, reasonable 
ranges were determined where possible. Similar for bovine milk, where differences in milk lipid 
concentration proved the largest factor determining variation. The role of milk polar lipids in 
human health has been demonstrated in several areas and critical review indicated that brain, 
immune and effects on lipid metabolism are best substantiated areas. Moreover, insights related 
to the milk fat globule membrane structure-function relation as well as superior activity of milk 
derived polar lipid compared to plant-derived sources are emerging areas of interest regarding 
future research and food innovations.

1.  Introduction

Milk is a rich source of polar lipids, which are known as 
essential building blocks for all biological membranes. Milk 
polar lipid classes include glycerophospholipids (PL) and 
sphingophospholipids (SL) where the latter are especially rich 
in milk as compared to vegetable sources. Milk PL include 
phosphatidylcholine (PC), phosphatidylethalomine (PE), 
phosphatidylserine (PS) and phosphatidylinositol (PI) species, 
their lyso-forms, and, particularly for PC and PE, plasmal-
ogen forms. SL include sphingomyelin (SM), gangliosides, 
cerebrosides, sulfatides, ceramides and sphingosines (Vesper 
et  al. 1999). Milk polar lipids account for only a small pro-
portion of total milk lipids and are structurally organized at 
the milk fat globule (MFG) interface, the milk fat globule 
membrane (MFGM) (Figure 1). To date, milk polar lipids 
and their metabolites, mainly studied in the form of MFGM 
and therefore also considering MFGM proteins, are recog-
nized for their physiological activity well beyond providing 
structure to biological membranes, including effects on gut 
physiology, lipid metabolism, brain/cognition, endurance/
physical performance, immune and skin conditioning/der-
matitis (e.g. reviewed in Anto et  al. 2020; L. Brink and 
Lönnerdal 2020; R. C. Da Silva, Colleran, and Ibrahim 2021).

As milk polar lipids play an essential role in human nutri-
tion, it is important to understand their composition & phys-
iological activities in human health. Bovine milk is one of 
the main industrial sources for polar lipids, in which infant 

nutrition is one of its major areas of application. Hence, a 
detailed understanding of compositional and structural sim-
ilarities with human milk is warranted. Although the func-
tionality of milk polar lipids has been reviewed previously 
(e.g. (Anto et  al. 2020; L. Brink and Lönnerdal 2020; R. C. 
Da Silva, Colleran, and Ibrahim 2021)) a holistic and sys-
tematic approach is lacking. This systematic review provides 
an overview of the current state-of-the-art of milk polar lipid 
composition, structure, sources, and functionality, as well as 
a gap analyses with recommendations for future research.

2.  Materials and methods

A systematic review on milk polar lipids was performed 
with scientific record retrieval using a combination of search 
queries. All searches were done using the Scopus database. 
Ultimately, search terms were classified into two terminology 
groups as specified in Table 1 to have a broad coverage on 
topics. The search was narrowed to include publications in 
the last 30 years (1990–2021) as most of the technological 
advancements and literature related to milk polar lipid anal-
yses were generated during this period. Other terms were 
evaluated for their inclusion in the search query but were 
excluded because they were either too general (glyco*, 
polar), too specific (sphingolipid, cerebroside, ganglioside) 
or did not retrieve any additional publications (comp*, 
infant, maternal) of relevance to the scope. The records 
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retrieved included many research papers focusing on pep-
tides and plant-based beverages, which were out of scope. 
Hence, two search terms, “plant” and “peptide” were spe-
cifically listed for exclusion in the search query to reduce 
the amount of non-relevant identifications. The final search 
query was defined as a combination of the following two 
searches.

1.	 TITLE-ABS-KEY (milk AND phospholipid* OR 
phosphatid* OR sphingo* OR glycolipid* OR “polar 
lipid” OR cerebro* OR ganglio*) AND TITLE-ABS-
KEY (bovine OR cow OR human OR breast OR 
mother OR lactat*) AND NOT TITLE-ABS-KEY 

(peptide* OR plant*) AND LANGUAGE (English) 
AND PUBYEAR > 1989

2.	 TITLE-ABS-KEY (milk AND phospholipid*) OR 
TITLE-ABS-KEY (phosphatid* OR sphingo* OR gly-
colipid* OR “polar lipid” OR cerebro* OR ganglio*) 
AND TITLE-ABS-KEY (bovine OR cow OR human 
OR breast OR mother OR lactat*) AND NOT 
TITLE-ABS-KEY (peptide* OR plant*) AND 
LANGUAGE (English) AND PUBYEAR > 1989

The final search was completed using Scopus to include 
records with a publication date (PUBDATETXT) up to May 
2021. All identified articles based on the two search queries 
were screened for their eligibility. Authors began appraising 
papers based upon the title and abstract with four general 
themes to be discussed in this review: (i) Composition of 
bovine or human milk, (ii) MFG structure and 
structure-function relation, (iii) Milk sources and (iv) 
Physiological benefits. In three rounds of screening, whereby 
the entire selection of papers was randomly allocated to the 
three authors, all records were screened for eligibility. During 
each round of screening, authors independently excluded or 
included and categorized each paper based on the four 

Table 1. S earch terms.

Matrix Component Exclude

Milk Phospholipid Peptide
Bovine Phosphatid* Plant
Cow Sphingo*
Human Glycolipid*
Breast “polar lipid”
Mother Cerebro*
Lact* Ganglio*

Figure 1. T he structure of the milk fat globule.
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themes and aims of this review. Any uncertainty was clar-
ified in discussion at the end of the screening such that all 
papers included in this systematic review were mutually 
agreed upon by all authors.

Studies were included if they discussed bovine or human 
milk-derived polar lipids. Articles not in English were 
excluded. In addition, non-experimental publications were 
excluded, including conference papers, editorials and reviews. 
Some reviews were used for introduction. Specifically to the 
composition section, papers describing polar lipid levels in 
milk-based products including infant formula or disease 
related human milk levels were excluded. As for the section 
on structure, the biosynthesis of MFG and related synthetic 
systems were omitted. Specifically for the benefit section, 
observational cohort studies, in vitro and in vivo interven-
tion studies describing the effect of dietary milk polar lipids 
were included. The benefit section focused on physiological 
benefits, where papers describing technological applications 
such as encapsulation and targeted delivery of biomolecules 
were excluded.

In turn, topics were assigned to different authors and 
full-text articles were assessed for eligibility according to 
the inclusion and exclusion criteria described above. For 
introduction purposes, and for further discussion of overall 
relevance of findings from individual studies, several refer-
ences were added manually.

3.  Results and discussion

In total 2840 records were identified through database 
searching and manual addition. After screening and group-
ing of papers based upon titles and abstracts, 722 articles 
were selected to assess full-text eligibility. Ultimately, 378 
articles were included based on the criteria described in 
section 2. An overview of the process is presented in 
Figure 2.

A limitation of this systematic review is that search terms 
were biased toward polar lipids whereas the MFGM also 
contains proteins that may be of interest in addition to the 
overall MFGM composition, structure and physiological 

Figure 2. D atabase search results according the Preferred Reporting Items for Systematic Reviews (PRISMA) statement (Moher et  al. 2009).
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function described in this review. Due to the use of relatively 
broad search queries, many papers had to be excluded at a 
later stage. For instance, the search queries did not exclude 
papers that discussed effects of any intervention on blood 
phospholipids. Several studies included compositional infor-
mation of both human and/or bovine milk polar lipids as 
well as information of other sources such as non-human/
bovine milk or products such as infant formula. In this 
situation only compositional data on human or bovine milk 
was included. Only limited comparisons of individual study 
data were done, mostly as studies assessing PL levels varied 
in their analytical methods and outcome measures used, 
making it unfeasible to combine all data in a quantitative 
synthesis. Moreover, many confounding factors that affect 
concentrations have been described for both human and 
bovine milk which are discussed separately in this review. 
Nonetheless, where possible compositional data was pre-
sented in one unit and for, full breast, human milk reason-
able ranges for total and individual PL were determined 
based on reported values.

3.1.  Structure-function relation of the milk fat globule 
membrane

Milk lipids are secreted in fat globules, which consist of a 
central core of lipids (mainly triacylglycerides) surrounded 
by a monolayer of polar lipids, followed by a lipid bilayer 
with a glycosylated surface (Figure 1). The tri-layer mem-
brane is known as MFGM that acts to stabilize fat globules 
as an emulsion and protect lipids from coalescing (Jensen 
2002). MFGs are important delivery vehicles of bioactive 
lipids such as triacyl-, di- and monoglycerides, saturated 
and polyunsaturated fatty acids, polar lipids, as well as 
fat-soluble vitamins (German and Dillard 2006). The com-
position and structure of MFGs could affect bio-functionality 
and variations are observed in milk from different mam-
malian species (Lu et  al. 2016; Thum et  al. 2020; Sophie 
Gallier, Gragson, Cabral, et  al. 2010; Sophie Gallier, 
Laubscher, and Jiménez-Flores 2014). Although not part of 
the current review, these structural differences between spe-
cies may be an interesting area regarding further under-
standing of the structural-functional relation of milk polar 
lipids and MFGM.

MFGM is composed of lipids, membrane-specific proteins 
and enzymes (Rombaut, Dewettinck, and Van Camp 2007; 
Lopez and Ménard 2011; L. R. Brink et  al. 2020; Cavaletto 
et  al. 1999). It is a heterogeneous mixture of macronutrients 
with the approximate ratio of proteins, lipids, and carbohy-
drates estimated to be 4:3:1 (Spence et  al. 2009b). The lipid 
fraction of MFGM consists of polar and neutral lipids pre-
dominantly cholesterol (El-Loly 2011). The main polar lipids 
include PL (i.e. PC, PE, PI, PS), SL (i.e. SM and glycolipids) 
(Rombaut, Van Camp, and Dewettinck 2006; Bourlieu et  al. 
2018). In addition, polar lipids are also a major surface 
component of milk extracellular vesicles (Argov-Argaman 
et  al. 2010; Pollott et  al. 2016; Blans et  al. 2017).

MFGM components are involved in regulating the bio-
synthesis of MFGs from the formation to the secretion of 

lipids droplets (Heid and Keenan 2005). MFGM provides 
key structural functionality to stabilize the lipid droplets in 
milk and to protect lipids from enzymatic degradation and 
coalescence. During digestion, MFGM components facilitate 
lipase docking and its emulsifying property is crucial for 
the uptake of lipids along the gastrointestinal tract, which 
is especially relevant early in life (Wooding and Mather 
2017; Singh and Gallier 2017; Lopez, Cauty, et  al. 2017; 
Garcia et  al. 2014; Bourlieu et  al. 2016; Clark and Laboda 
1991). MFGM’s composition is highly similar to epithelial 
cell surfaces, and therefore is postulated to exert functions 
and activities beyond the delivery of the nutrients which 
has driven research into physiological benefits (see section 
3.4 physiological benefits).

The amphipathic nature of milk polar lipids functions as 
the interface to encapsulate the inner neutral lipids core for 
dispersion in the aqueous environment (Smoczyński 2017). 
Polar lipids are not organized homogeneously in the MFGM. 
PE, PS, and PI are preferably located on the inner surface 
of the MFGM, whereas PC, SM, and glycolipids are mainly 
concentrated in the bilayer of the MFGM (Lopez et  al. 
2008). PC and SM are important for the structural main-
tenance of MFGM situated at the outer leaflet of the mem-
brane bilayer (Lee et  al. 2018; Lopez et  al. 2011). An 
increasing PE content enhances fusion between lipid droplets 
and hence increases lipid droplet size during lipid synthesis 
(Cohen et  al. 2017; Walter et  al. 2020). The MFG size is 
the result of a balance between biosynthesis of polar and 
neutral lipids, lipid content, and fat to protein ratio 
(Couvreur and Hurtaud 2017; Ronit Mesilati-Stahy, Mida, 
and Argov-Argaman 2011; Duan et  al. 2021). Changes of 
MFG size require reorganization of the interfacial material 
(Smoczyński 2017). The variation of MFG size and compo-
sition in milk from different species were recently reviewed 
by Thum and colleagues who demonstrate that many vari-
ations, including MFG size and composition, occur between 
human, bovine, ovine and caprine milk (Thum et  al. 2021).

In MFGs, a localized arrangement of polar lipids is 
observed in which the liquid-ordered phase domains are 
consisted of SM-rich domains. SM together with cholesterol 
form lipid raft-like complexes that contribute to structural 
maintenance and influence the membrane fluidity of MFGs 
(Lee et  al. 2018; Murthy, Guyomarc’h, and Lopez 2016). 
The acyl chain length, heterogeneity and saturation of fatty 
acids further affects the thermotropic phase behavior of the 
lipid raft (Et-Thakafy et  al. 2018; Lopez, Cheng, and Perez 
2018; Et-Thakafy, Guyomarc’h, and Lopez 2019; Chiantia 
and London 2012). The lipid raft is surrounded by a 
liquid-disordered phase composed of the phospholipids in 
which MFGM proteins are dispersed (Lopez, Madec, and 
Jimenez-Flores 2010). The phase and charge of polar lipids 
directly affect the interactions with proteins (Yeung et  al. 
2008; Obeid et  al. 2019).

MFGM proteins account for 25–60% of the mass of the 
MFGM, 1–4% of total milk proteins, and 1% of the total 
globule mass (Manoni et  al. 2020). The proteins can be 
classified into integral proteins and peripheral proteins, 
whereas others (e.g. lactadherin (H. Ye et  al. 2013)) are 
partially embedded or loosely attached to the membrane. 
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During secretion of MFGs, all constituents are rearranged 
within the apical plasma membrane and the MFGM. The 
localization of the proteins thus varies, some are associated 
with the inner monolayer membrane, while others are asso-
ciated with the outer bilayer membrane. This includes gly-
cosylated proteins (butyrophilin, lactadherin, MUC 1, MUC 
15, CD36), non-glycosylated proteins (xanthine dehydroge-
nase/oxidoreductase, adipophilin), and surface proteins 
(β-lactoglobulin, sIgA and fatty acid-binding protein) 
(Manoni et  al. 2020; Lefèvre and Subirade 2000; Andersen 
et  al. 1997; Schroten et  al. 2001).

Milk processing modifies the supramolecular structure 
and the surface composition of MFGs (Lopez 2005). The 
appreciation of the nutritional values of MFGM components 
in recent decades have led to the advancement in retaining 
the structural functionality and in optimizing the yield of 
MFGM. This has, amongst others evolved into efforts to 
mimic more closely the composition and structure of human 
MFGs (Sophie Gallier et  al. 2015; Garcia and Innis 2013; 
R. C. Da Silva, Colleran, and Ibrahim 2021; Wei, Jin, et  al. 
2019) which is an interesting area of development regarding 
possible enhanced functionality compared to non-structured 
sources. Sources and processing optimization are further 
discussed in the following section.

3.2.  Milk polar lipid composition

3.2.1.  Phospholipid composition in human milk
3.2.1.1.  Natural variation.  Human milk phospholipid 
composition has been described by several studies. Table 
2 summarizes studies that have examined the composition 
of human milk. In these studies, careful attention was 
paid to homogeneity of expressed milk to ensure that 
within feed variation in lipid content was accounted for 
in data interpretation. Lactation stage appears to have 
a large influence on human milk composition and is 
the most widely studied factor influencing composition 
(as reviewed by (McJarrow et  al. 2019)). Hence, data 
was categorized according to lactation stage and region, 
alongside whether it was milk obtained from preterm or 
term delivery. Controversy exists on whether PC or SM is 
the most abundant polar lipid in human milk. However, 
there is a consensus that choline-containing polar lipids 
are dominant components due to their critical role in 
neonatal membrane biosynthesis and organ growth (Lopez 
and Ménard 2011).

Different methods for quantification were applied by dif-
ferent studies making an overall comparison of datasets 
challenging. Furthermore only a selection of studies reported 
used fully-expressed breastmilk (Holmes-McNary et  al. 1996; 
Shunova et  al. 2020; Wei, Jin, et  al. 2019; Glew et  al. 1995; 
Holmes, Snodgrass, and Iles 2000; Giuffrida et  al. 2013; Li, 
Li, et  al. 2020; Jiang et  al. 2018; Davenport et  al. 2015; 
Fischer et  al. 2010; B.Y. Fong, Ma, and MacGibbon 2020; 
Thakkar et  al. 2013a; Ma et  al. 2017; Giuffrida et  al. 2016; 
Benoit et  al. 2010; Tavazzi et  al. 2018; Selvalatchmanan et  al. 
2021), which would be preferable for quantification of total 

human milk composition. Other studies used only foremilk, 
hindmilk or did not disclose. Although LC-MS was most 
common among human milk studies, different analytical 
techniques may also affect specificity of PL analyses, with 
Liu et  al. reviewing that hydrophilic interaction chromatog-
raphy (HILIC)-MS is ideal for phospholipid quantification 
(Z. Liu, Rochfort, and Cocks 2018). Considering these 
points, a reasonable range of phospholipids was determined 
for term human milk based on all full-breast studies, spe-
cifically for colostrum and mature milk, including all regions 
and not differentiating for methodologies used (Table 2).

Apart from the above, inter-, and intra-individual factors 
also affect human milk’s phospholipid profile. One of this 
would be the nutritional status of the participants, with Dei 
Cas et  al. correcting nutrient deficiencies prior to interven-
tion (Dei Cas et  al. 2020). Observations are discussed and 
the following factors may explain the reason for the 
differences.

3.2.1.2.  Regional differences.  Where similar analytical 
techniques were used, average PL concentrations from 
different regions were within typical ranges which further 
justifies our approach with determining reasonable human 
milk ranges and not differentiating further for regions. 
This finding is in accordance with Fong et  al. who 
compared their dataset to recent regional studies and 
discussed that total PL concentration was comparable 
between their group of Chinese mothers and a UAE, 
Chinese, Malaysian and Singaporean cohort (B. Y. B. Y. 
Fong, Ma, and MacGibbon 2020)

3.2.1.3.  Lactation stage (colostrum vs transitional milk 
vs mature milk).  Studies that examined milk polar lipid 
concentration generally identified colostrum as <5 days 
postpartum, transitional milk as ≥5 days to ≤2 weeks 
postpartum and mature milk as >2 weeks (Lindahl et  al. 
2019; Sala-Vila et al. 2005; X. Q. Zou et al. 2012; McJarrow 
et  al. 2019). However, the lack of consistency across all 
studies confounded interpretation of PL concentration 
trends in these three types of milk. For instance, Holmes 
et  al. considered day 7 milk as mature milk (Holmes, 
Snodgrass, and Iles 2000). Therefore, in our effort to 
provide reasonable ranges for, full breast, human milk 
only colostrum and mature milk values were considered.

As lactation stage advances and milk matures, it is 
hypothesized that the increased triglyceride synthesis in 
mammary cells results in the synthesis of larger MFGs (as 
reviewed by Barbas and Herrera 1998). This limits avail-
ability for polar lipid membrane material and hence, polar 
lipid concentration decreases, forming a thin membrane 
encapsulating the triglyceride-rich core (Bitman et  al. 1984; 
Lindahl et  al. 2019). This downward trend is notable in 
total phospholipids concentration as lactation stage pro-
gresses from colostrum to mature milk, but not always con-
sistent amongst distribution of individual PL classes. This 
may be attributable to upward and downward trends in 
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Table 2.  Mean polar lipid content (mg/100 mL milk) and proportion of individual polar lipids (mg/100 mL milk and % of total polar lipid) in human milk.

Author Region Lactation stage
Total polar lipid mg (or 

% of total lipid)a

PC PE PI PS SM Other

Analysis Outcome trendmg [or % of total polar lipids]

Preterm
J. Bitman et  al. 1983 USA 

n = 28
Day 3
Day 7
Day 21
Day 42
Day 84

nm – – – – – – TLC Preterm milk is richer in polar lipid. Polar lipid ↓ over 
lactation.

Holmes-McNary et  al. 1996 USA 
n = 17

MM: Day 27–32 – 90 μmol/L milk – – – 104 μmol/L 
milk

TLC

Yassar Y. Al-Tamer and 
Mahmood 2004

Iraq 
n = 29

Colostrum: Day 3–5 24.48 – – – – – – TLC

Shoji et  al. 2006 Japan 
n = 14 
n = 18 
n = 14

Colostrum: Day 1–3
TM: Day 4–7
MM: Day 30–64

20–25b (0.9)
28b

25.5b (0.6)

(28.6)
-
(22.5)

(14.8)b

(14)b

(13.6)b

(7)b

(6.7)b

(6.2)b

(6)b

(5.7)b

(6.5)b

(36)
-
(42.3)

LPC
(9.8)b

(9.6)b

(10)b

TLC SM↑, PC↓ and total polar lipid↓ from colostrum to 
MM.

Maas et  al. 2017 Germany 
n = 34

Day 6–85 – nm – – – – – ESI-MS PC↓ in term milk.

Lindahl et  al. 2019 Ireland 
n = 57

Colostrum: Day <5
TM: Day 5–2 weeks
MM: >2–<15 weeks

117.3
95.49
57.49

19.31 (16.5)b

13.09 (13.7)b

6.92 (12.0)b

87.85 (74.9)b

75.25 (78.8)b

46.64 (81.1)b

– – 10.13 (8.6)b

7.21 (7.6)b

3.93 (6.8)b

– LC-MS Polar lipid↓ over lactation. Total polar lipid, PC & SM 
↑ in preterm milk.

Wei, Jin, et  al. 2019 China 
n = 10

Colostrum: Day 1–7
TM: Day 8–14
MM: Day 27–33
Day 57–63
Day 87–93

27.47
25.53
24.31
21.87
20.18

8.42
7.48
6.64
6.06
5.54

7.72
7.44
7.35
5.83
5.32

0.92
0.85
0.81
0.66
0.51

1.25
1.14
1.09
0.82
0.91

9.15
8.63
8.42
8.50
7.89

– P-NMR SM most abundant (27.44%–43.40% of total polar 
lipid), SM relatively constant in both term and 
preterm milk.

Dei Cas et  al. 2020 Italy 
n = 5 
(Mediterranean, 
carnivore or 
vegetarian diet)

MM: Day 10 – – – – – nm – LC-MS No difference in SM between preterm and term milk. 
SM not affected by diet.

W. Xu, Chen, et  al. 2020 China 
n = 6

Colostrum: Day 2–6 nm nm nm – – – – LC-MS ↑PE and PC in colostrum compared to term milk.

Shunova et  al. 2020 Germany 
n = 21

MM
Day 8–28

– 21.5 ± 4.5 mg 
choline/150 mL 
breast milk, out of 
which PC was 
7.4 ± 2.1%

– – – – – Tandem MS

Full-term
J. Bitman et  al. 1983 USA 

n = 6
Day 3
Day 7
Day 21
Day 42
Day 84

nm – – – – – – TLC Preterm milk richer in PL. Polar lipids↓ over lactation.

Zeisel, Char, and Sheard 1986 nm MM: Day 31–84 146–220 nmol/mL 107–206 nmol/
mL

TLC PC and SM ↑ in hind milk (only hind milk data 
presented). No diurnal variation or lactation stage 
effect on SM and PC concentration.

Glew et  al. 1995 Nigeria 
n = 13 
n = 3

MM: 1–4 months
Moderately malnourished
Severely malnourished

0.338 μmol/mL
0.372 μmol/mL (27.7)

(22.1)
Range: (20–30)

(15.2)
(12.8)
Range: (12–15)

PI + PS: (5.9)
(5.6)
Range: (5)

PI + PS: (5.9)
(5.6)
Range: (5)

(51.3)
(59.5)
Range: (50–60)

– TLC No differences in the major polar lipid classes 
between the groups with moderately and severely 
malnourished.

Holmes-McNary et  al. 1996 USA 
n = 16

MM: Day 27–32 – 82 μmol/L – – – 124 μmol/L TLC Inconclusive effect of dietary choline intake on PC 
and SM.

Barbas and Herrera 1998 Spain 
n = 8

Colostrum: Day 3–5
MM:  Day 21

9.69 mg/dL
8.91 mg/dL

– – – – – – TLC

Holmes, Snodgrass, and Iles 
2000

London 
n = 8

Colostrum: Day 2–6
MM: Day 7–22

– 0.23 mmol/L
0.48

– – – 0.09 mmol/L
0.10

– NMR 7 days considered as mature milk in this study. Data 
represents both preterm and term milk. ↑ PC and 
SM over lactation.

L. Wang et  al. 2000 Japan 
n = 20

Week 1 – (23.1) (36.1) (3.5) (6.7) (30.6) – TLC

Yassar Y. Al-Tamer and 
Mahmood 2004

Iraq 
n = 35

Colostrum: Day 3–5 29.78 TLC

Ilcol et  al. 2005 Turkey 
n = 21 
n = 95 
n = 14 
n = 12 
n = 11

Colostrum: Day 0–2
MM: Day 12–180
Day 12–28
Day 75–90
Day 165–180

nm 146 μmol/L
104
103
155
97

– – – 129 μmol/L
94
91
97
84

– TLC PC and SM constant over lactation.

Sala-Vila et  al. 2005 Spain 
n = 30 
n = 17 
n = 19

Colostrum: Day 1–5
TM: Day 6–15
MM: Day 15–30

202 nmol/mL
209
147

38.40
37.69
31.26

5.86
8.55
12.76

6.03
5.21
5.89

7.91
8.17
10.35

40.49
39.20
41.03

– HPLC-ELSD PS and PE ↑ over lactation; SM was constant. PC↓ in 
MM only.
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Table 2.  Mean polar lipid content (mg/100 mL milk) and proportion of individual polar lipids (mg/100 mL milk and % of total polar lipid) in human milk.

Author Region Lactation stage
Total polar lipid mg (or 

% of total lipid)a

PC PE PI PS SM Other

Analysis Outcome trendmg [or % of total polar lipids]

Preterm
J. Bitman et  al. 1983 USA 

n = 28
Day 3
Day 7
Day 21
Day 42
Day 84

nm – – – – – – TLC Preterm milk is richer in polar lipid. Polar lipid ↓ over 
lactation.

Holmes-McNary et  al. 1996 USA 
n = 17

MM: Day 27–32 – 90 μmol/L milk – – – 104 μmol/L 
milk

TLC

Yassar Y. Al-Tamer and 
Mahmood 2004

Iraq 
n = 29

Colostrum: Day 3–5 24.48 – – – – – – TLC

Shoji et  al. 2006 Japan 
n = 14 
n = 18 
n = 14

Colostrum: Day 1–3
TM: Day 4–7
MM: Day 30–64

20–25b (0.9)
28b

25.5b (0.6)

(28.6)
-
(22.5)

(14.8)b

(14)b

(13.6)b

(7)b

(6.7)b

(6.2)b

(6)b

(5.7)b

(6.5)b

(36)
-
(42.3)

LPC
(9.8)b

(9.6)b

(10)b

TLC SM↑, PC↓ and total polar lipid↓ from colostrum to 
MM.

Maas et  al. 2017 Germany 
n = 34

Day 6–85 – nm – – – – – ESI-MS PC↓ in term milk.

Lindahl et  al. 2019 Ireland 
n = 57

Colostrum: Day <5
TM: Day 5–2 weeks
MM: >2–<15 weeks

117.3
95.49
57.49

19.31 (16.5)b

13.09 (13.7)b

6.92 (12.0)b

87.85 (74.9)b

75.25 (78.8)b

46.64 (81.1)b

– – 10.13 (8.6)b

7.21 (7.6)b

3.93 (6.8)b

– LC-MS Polar lipid↓ over lactation. Total polar lipid, PC & SM 
↑ in preterm milk.

Wei, Jin, et  al. 2019 China 
n = 10

Colostrum: Day 1–7
TM: Day 8–14
MM: Day 27–33
Day 57–63
Day 87–93

27.47
25.53
24.31
21.87
20.18

8.42
7.48
6.64
6.06
5.54

7.72
7.44
7.35
5.83
5.32

0.92
0.85
0.81
0.66
0.51

1.25
1.14
1.09
0.82
0.91

9.15
8.63
8.42
8.50
7.89

– P-NMR SM most abundant (27.44%–43.40% of total polar 
lipid), SM relatively constant in both term and 
preterm milk.

Dei Cas et  al. 2020 Italy 
n = 5 
(Mediterranean, 
carnivore or 
vegetarian diet)

MM: Day 10 – – – – – nm – LC-MS No difference in SM between preterm and term milk. 
SM not affected by diet.

W. Xu, Chen, et  al. 2020 China 
n = 6

Colostrum: Day 2–6 nm nm nm – – – – LC-MS ↑PE and PC in colostrum compared to term milk.

Shunova et  al. 2020 Germany 
n = 21

MM
Day 8–28

– 21.5 ± 4.5 mg 
choline/150 mL 
breast milk, out of 
which PC was 
7.4 ± 2.1%

– – – – – Tandem MS

Full-term
J. Bitman et  al. 1983 USA 

n = 6
Day 3
Day 7
Day 21
Day 42
Day 84

nm – – – – – – TLC Preterm milk richer in PL. Polar lipids↓ over lactation.

Zeisel, Char, and Sheard 1986 nm MM: Day 31–84 146–220 nmol/mL 107–206 nmol/
mL

TLC PC and SM ↑ in hind milk (only hind milk data 
presented). No diurnal variation or lactation stage 
effect on SM and PC concentration.

Glew et  al. 1995 Nigeria 
n = 13 
n = 3

MM: 1–4 months
Moderately malnourished
Severely malnourished

0.338 μmol/mL
0.372 μmol/mL (27.7)

(22.1)
Range: (20–30)

(15.2)
(12.8)
Range: (12–15)

PI + PS: (5.9)
(5.6)
Range: (5)

PI + PS: (5.9)
(5.6)
Range: (5)

(51.3)
(59.5)
Range: (50–60)

– TLC No differences in the major polar lipid classes 
between the groups with moderately and severely 
malnourished.

Holmes-McNary et  al. 1996 USA 
n = 16

MM: Day 27–32 – 82 μmol/L – – – 124 μmol/L TLC Inconclusive effect of dietary choline intake on PC 
and SM.

Barbas and Herrera 1998 Spain 
n = 8

Colostrum: Day 3–5
MM:  Day 21

9.69 mg/dL
8.91 mg/dL

– – – – – – TLC

Holmes, Snodgrass, and Iles 
2000

London 
n = 8

Colostrum: Day 2–6
MM: Day 7–22

– 0.23 mmol/L
0.48

– – – 0.09 mmol/L
0.10

– NMR 7 days considered as mature milk in this study. Data 
represents both preterm and term milk. ↑ PC and 
SM over lactation.

L. Wang et  al. 2000 Japan 
n = 20

Week 1 – (23.1) (36.1) (3.5) (6.7) (30.6) – TLC

Yassar Y. Al-Tamer and 
Mahmood 2004

Iraq 
n = 35

Colostrum: Day 3–5 29.78 TLC

Ilcol et  al. 2005 Turkey 
n = 21 
n = 95 
n = 14 
n = 12 
n = 11

Colostrum: Day 0–2
MM: Day 12–180
Day 12–28
Day 75–90
Day 165–180

nm 146 μmol/L
104
103
155
97

– – – 129 μmol/L
94
91
97
84

– TLC PC and SM constant over lactation.

Sala-Vila et  al. 2005 Spain 
n = 30 
n = 17 
n = 19

Colostrum: Day 1–5
TM: Day 6–15
MM: Day 15–30

202 nmol/mL
209
147

38.40
37.69
31.26

5.86
8.55
12.76

6.03
5.21
5.89

7.91
8.17
10.35

40.49
39.20
41.03

– HPLC-ELSD PS and PE ↑ over lactation; SM was constant. PC↓ in 
MM only.

(Continued)
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Y. Y. Al-Tamer and Mahmood 
2006

Iraq 
n = 25 
n = 25 
n = 15 

MM: 4–6 months High urban: 33.59
Suburban: 31.15
Low urban: 15.94

– – – – – – Colorimetric ↓ PL at 5–6 than 4–5 months. ↓ PL for women under 
nutritional stress.

Shoji et  al. 2006 Japan 
n = 14 
n = 15 
n = 15

Colostrum: Day 1–3
TM: 
Day 4–7
MM: 
Day 30–64

(1.1)
(0.5)

nm
(27.2)

(14)b

(16)b

(13.8)b

(6.1)b

(6.7)b

(8)b

(4.3)b

(4.5)b

(6.3)b

nm
(36.0)

(10.9) b

(9.8)b

(9.6)b

TLC Polar lipid ↓ over lactation. PL content (mg/dL) in TM 
and MM differed in term and preterm milk  
In both term and preterm groups, PL content (% 
of total lipid) of MM was lower than in colostrum.

Benoit et  al. 2010 France 
n = 4

MM: 
3–6 months

nm (19) (21.3) PI + PS: (16.4) PI + PS: (16.4) (43.3) – TLC SM ↑ in breastmilk than bovine milk.

Fischer et  al. 2010 USA 
n = 48 
n = 51

MM: 
Day 45
Placebo 
Supplement group

–
107 nmol/mL
113

– – –
67 nmol/mL
67

LC-MS Dietary choline intake correlated with PC 
concentration. 
Genotype can influence the concentrations of 
choline and its metabolites in breast milk.

Garcia et  al. 2011 France 
n = 5 
n = 7 
n = 16

Colostrum: Day 3–4
TM: 
Day 6–10
MM: 
Day 30

72
55
45

nm nm nm nm nm – TLC Sample size includes both preterm (n = 14) and term 
milk (n = 8).

Lopez and Ménard 2011 France 
n = 3

MM: 
2–7.5 months

1. 4.08 ± 0.21 mg/g of fat
2. 3.05 ± 0.20
3. 3.52 ± 0.63

1. (23.5 ± 0.5)
2. (20.4 ± 2.1)
3. (19.3 ± 2.4)

1. (15.1 ± 1.0)
2. (10.1 ± 1.6)
3. (14.3 ± 2.2)

1. (9.5 ± 1.1)
2. (11.7 ± 0.5)
3. (9.2 ± 0.6)

1. (15.6 ± 0.1)
2. (12.3 ± 0.8)
3. (18.4 ± 0.7)

1. (36.4 ± 1.9)
2. (45.4 ± 2.6)
3. (38.8 ± 4.5)

– HPLC-ELSD MM contained ∼3–4 mg polar lipid/g fat (0.3–0.4%, 
w/w).

Garcia et  al. 2012 France 
n = 22

nm 213.3 μg/mL 60.3 μg/mL 41.5 μg/mL 11.1 μg/mL 22.1 μg/mL 78.3 μg/mL LPC = 0 P-NMR –

Giuffrida et  al. 2013 Singapore 
n = 50

MM:
4 weeks

23.8c mg/100 g 6.0c

(25.2)
6.8c

(28.6)
1.1c

(4.6)
1.4c

(5.9)
8.5c

(35.7)
– HPLC-ELSD Average 23.8 mg polar lipid/100 g in milk 

corresponded to an estimated mean intake of 
140 mg polar lipid/day in a 4-week old exclusively 
breast-fed infant.

Thakkar et  al. 2013 Singapore 
Female n = 25 
Male n = 25

MM: Day 30 
Female Male Combined 
Day 60 Female Male Combined 
Day 120
Female Male Combined
Average

22.01
24.03
23.02 
18.73
22.83 
20.78
22.02 
26.29 
24.24 
22.7b

5.81 
6.12 5.97 

4.43 5.25 4.84
4.52 5.32 4.94 
5.3 (23)b

6.47 
7.05 6.76 

5.70 7.02 6.36
 7.24 8.85 8.08 
7.1 (31)b

0.99
1.15 
1.07 

1.00 1.27 1.13
 1.51 1.81 1.67 
1.3 (6)b

0.66 0.85 0.75 

0.70 0.80 0.75
 0.86 0.94 0.91 
0.8 (4)b

8.07 8.86 8.47 

6.93 8.49 7.71
 7.89 9.37 8.66
8.3 (37)b

– HPLC-ELSD ↓ PC over lactation, unlike other polar lipid classes.

X. Zou et  al. 2013 Denmark 
n = 45

Colostrum: Day 1–5
TM: 
Day 6–15
MM: Day >16

4.42
5.86
5.06

1.26 (28.46)
1.50 (25.73)
1.07 (21.33)

0.41 (9.33)
0.77 (13.16)
0.76 (15.04)

0.36 (8.31)
0.40 (6.81)
0.41 (8.17)

0.56
(12.67)
0.81 (13.88)
0.84 (16.71)

1.82
(41.23)
2.37 (40.42)
1.97 (38.75)

– HPLC-ELSD Diameter of MFG is negatively correlated with polar 
lipid concentration.

Davenport et  al. 2015 USA 
n = 15 
n = 13 
n = 28

5 weeks
Choline intake:
480 mg/day
930 mg/day
All

–
64 μmol/L
61
63

– – –
172 μmol/L
177
175

– LC-MS Choline intake had no notable effect on PC and SM 
concentration.

Roy et  al. 2015 India 
n = 11 
n = 8 
n = 9 
n = 5 
n = 7 
n = 9

Colostrum: Day 0–3 
High income
Medium income
TM:
Day 4–7
High income
Medium income
MM:
>7 days
High income
Medium income

110.27
53.23
78.03
44.15
33.31
25.95

– – – – – – Spectrophotometry Total polar lipid content ↓ over lactation and across 
income groups.

Author Region Lactation stage
Total polar lipid mg (or 

% of total lipid)a

PC PE PI PS SM Other

Analysis Outcome trendmg [or % of total polar lipids]

Table 2. (Continued)
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Y. Y. Al-Tamer and Mahmood 
2006

Iraq 
n = 25 
n = 25 
n = 15 

MM: 4–6 months High urban: 33.59
Suburban: 31.15
Low urban: 15.94

– – – – – – Colorimetric ↓ PL at 5–6 than 4–5 months. ↓ PL for women under 
nutritional stress.

Shoji et  al. 2006 Japan 
n = 14 
n = 15 
n = 15

Colostrum: Day 1–3
TM: 
Day 4–7
MM: 
Day 30–64

(1.1)
(0.5)

nm
(27.2)

(14)b

(16)b

(13.8)b

(6.1)b

(6.7)b

(8)b

(4.3)b

(4.5)b

(6.3)b

nm
(36.0)

(10.9) b

(9.8)b

(9.6)b

TLC Polar lipid ↓ over lactation. PL content (mg/dL) in TM 
and MM differed in term and preterm milk  
In both term and preterm groups, PL content (% 
of total lipid) of MM was lower than in colostrum.

Benoit et  al. 2010 France 
n = 4

MM: 
3–6 months

nm (19) (21.3) PI + PS: (16.4) PI + PS: (16.4) (43.3) – TLC SM ↑ in breastmilk than bovine milk.

Fischer et  al. 2010 USA 
n = 48 
n = 51

MM: 
Day 45
Placebo 
Supplement group

–
107 nmol/mL
113

– – –
67 nmol/mL
67

LC-MS Dietary choline intake correlated with PC 
concentration. 
Genotype can influence the concentrations of 
choline and its metabolites in breast milk.

Garcia et  al. 2011 France 
n = 5 
n = 7 
n = 16

Colostrum: Day 3–4
TM: 
Day 6–10
MM: 
Day 30

72
55
45

nm nm nm nm nm – TLC Sample size includes both preterm (n = 14) and term 
milk (n = 8).

Lopez and Ménard 2011 France 
n = 3

MM: 
2–7.5 months

1. 4.08 ± 0.21 mg/g of fat
2. 3.05 ± 0.20
3. 3.52 ± 0.63

1. (23.5 ± 0.5)
2. (20.4 ± 2.1)
3. (19.3 ± 2.4)

1. (15.1 ± 1.0)
2. (10.1 ± 1.6)
3. (14.3 ± 2.2)

1. (9.5 ± 1.1)
2. (11.7 ± 0.5)
3. (9.2 ± 0.6)

1. (15.6 ± 0.1)
2. (12.3 ± 0.8)
3. (18.4 ± 0.7)

1. (36.4 ± 1.9)
2. (45.4 ± 2.6)
3. (38.8 ± 4.5)

– HPLC-ELSD MM contained ∼3–4 mg polar lipid/g fat (0.3–0.4%, 
w/w).

Garcia et  al. 2012 France 
n = 22

nm 213.3 μg/mL 60.3 μg/mL 41.5 μg/mL 11.1 μg/mL 22.1 μg/mL 78.3 μg/mL LPC = 0 P-NMR –

Giuffrida et  al. 2013 Singapore 
n = 50

MM:
4 weeks

23.8c mg/100 g 6.0c

(25.2)
6.8c

(28.6)
1.1c

(4.6)
1.4c

(5.9)
8.5c

(35.7)
– HPLC-ELSD Average 23.8 mg polar lipid/100 g in milk 

corresponded to an estimated mean intake of 
140 mg polar lipid/day in a 4-week old exclusively 
breast-fed infant.

Thakkar et  al. 2013 Singapore 
Female n = 25 
Male n = 25

MM: Day 30 
Female Male Combined 
Day 60 Female Male Combined 
Day 120
Female Male Combined
Average

22.01
24.03
23.02 
18.73
22.83 
20.78
22.02 
26.29 
24.24 
22.7b

5.81 
6.12 5.97 

4.43 5.25 4.84
4.52 5.32 4.94 
5.3 (23)b

6.47 
7.05 6.76 

5.70 7.02 6.36
 7.24 8.85 8.08 
7.1 (31)b

0.99
1.15 
1.07 

1.00 1.27 1.13
 1.51 1.81 1.67 
1.3 (6)b

0.66 0.85 0.75 

0.70 0.80 0.75
 0.86 0.94 0.91 
0.8 (4)b

8.07 8.86 8.47 

6.93 8.49 7.71
 7.89 9.37 8.66
8.3 (37)b

– HPLC-ELSD ↓ PC over lactation, unlike other polar lipid classes.

X. Zou et  al. 2013 Denmark 
n = 45

Colostrum: Day 1–5
TM: 
Day 6–15
MM: Day >16

4.42
5.86
5.06

1.26 (28.46)
1.50 (25.73)
1.07 (21.33)

0.41 (9.33)
0.77 (13.16)
0.76 (15.04)

0.36 (8.31)
0.40 (6.81)
0.41 (8.17)

0.56
(12.67)
0.81 (13.88)
0.84 (16.71)

1.82
(41.23)
2.37 (40.42)
1.97 (38.75)

– HPLC-ELSD Diameter of MFG is negatively correlated with polar 
lipid concentration.

Davenport et  al. 2015 USA 
n = 15 
n = 13 
n = 28

5 weeks
Choline intake:
480 mg/day
930 mg/day
All

–
64 μmol/L
61
63

– – –
172 μmol/L
177
175

– LC-MS Choline intake had no notable effect on PC and SM 
concentration.

Roy et  al. 2015 India 
n = 11 
n = 8 
n = 9 
n = 5 
n = 7 
n = 9

Colostrum: Day 0–3 
High income
Medium income
TM:
Day 4–7
High income
Medium income
MM:
>7 days
High income
Medium income

110.27
53.23
78.03
44.15
33.31
25.95

– – – – – – Spectrophotometry Total polar lipid content ↓ over lactation and across 
income groups.

(Continued)

Author Region Lactation stage
Total polar lipid mg (or 

% of total lipid)a

PC PE PI PS SM Other

Analysis Outcome trendmg [or % of total polar lipids]
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Claumarchirant et  al. 2016 Spain 
(n = 65) 
Madrid 
Valencia/Murcia 
(VM)

Colostrum: Day 0–5
Madrid
VM
TM: Day 6–15
Madrid
VM
MM:
1 month
Madrid
Valencia
Murcia
3 months
Madrid
Valencia
Murcia
6 months
Madrid
Valencia
Murcia
9 months
VM
12 months
VM

37.21
31.49
43.70
53.53
39.18
42.18
39.19
35.90
32.15
34.87
26.56
33.41
28.12
26.00
29.00

4.87
4.51
5.97
8.09
5.42
6.55
5.67
5.06
4.92
4.86
3.79
5.02
4.13
3.63
4.21

12.36
10.46
13.90
15.90
11.98
12.68
11.58
10.71
9.51
11.36
8.29
10.24
8.37
7.89
6.49

3.13
3.12
4.30
6.32
4.15
5.20
4.60
4.23
4.13
4.06
3.12
4.23
3.50
3.07
3.83

3.49
3.43
4.66
6.74
4.45
5.55
4.90
4.56
4.39
4.30
3.39
4.49
3.73
3.25
4.02

13.36
9.95
14.86
16.49
13.20
12.19
12.44
11.34
9.20
10.29
7.96
9.44
8.39
8.15
10.44

– HPLC-ELSD PI, PS and PC was ↑ in the coastal area than in the 
central area.

Giuffrida et  al. 2016 China 
n = 539 (total) 
n = 38 
n = 45 
n = 30 
n = 113 
n = 22 
n = 21 
n = 38 
n = 81 
n = 120 
n = 113 
n = 112 
n = 345

Colostrum: Day 0–5
Guangzhou
Beijing
Suzhou
Average
TM: 
Day 6–15
Guangzhou
Beijing
Suzhou
Average
MM: 0.5–8 months
Guangzhou
Beijing
Suzhou
Average

33.2
33.0
38.9
33.0
25.6
24.4
34.9
28.5
25.3
22.3
26.0
24.2

12.5 (37.7)
10.9 (33.0)
12.6 (32.4)

12.0 (36.4)
11.3 (44.1)
8.3 (34.0)
11.9 (34.1)
10.1 (35.4)
8.6 (34.0)
7.6 (34.1)
8.5 (32.7)
8.2 (33.9)

9.9 (29.8)
7.6 (23.0)
12.6 (32.4)
8.5 (25.8)
5.6 (21.9)
7.3 (29.9)
10.8 (30.9)
8.2 (28.8)
7.1 (28.1)
5.3 (23.8)
7.3 (28.1)
6.4 (26.4)

1.8 (5.4)
1.6 (4.8)
2.3 (5.9)
1.8 (5.5)
1.2 (4.7)
1.5 (6.1)
2.4 (6.9)
1.8 (6.3)
1.5 (5.9)
1.2 (5.4)
1.7 (6.5)
1.5 (6.2)

1.3 (3.9)
1.8 (5.5)
1.7 (4.4)
1.5 (4.5)
0.8 (3.1)
1.0 (4.1)
1.3 (3.7)
1.1 (3.9)
1.0 (4.0)
0.9 (4.0)
1.2 (4.6)
1.0 (4.1)

7.7 (23.1)
10.9 (33.0)
9.7 (24.9)
9.1 (27.6)
6.8 (26.6)
6.2 (25.4)
8.5 (24.4)
7.3 (25.6)
7.1 (28.1)
7.3 (32.7)
7.4 (28.5)
7.2 (29.8)

– HPLC-ELSD Average PL of the 3 cities and total PL ↓ over 
lactation PL distribution (%) was similar across 
lactation stages. 
Highest total polar lipid content was observed in 
human milk from Suzhou.

Yao et  al. 2016 China 
n = 10

MM: 
16–30 days

nm (24.4) (25.3) (7.9) (13.1) (29.3) – HPLC-ELSD

Ma et  al. 2017 Malaysia 
n = 48

Colostrum
TM:
MM:
2 months
6 months
12 months

352.4 mg/L
273.0 mg/L
147.1 mg/L
187.5 mg/L
204.7 mg/L

76.7 
48.6
21.0
23.7
27.6

89.9 
100.0
39.3
66.1
78.4

16.6
9.6
6.3
5.9
6.5

125.8 
90.9 
14.8
15.5
16.2

39.7
20.9 
57.4
70.4
71.5

Lyso-PC
2.5; 2.1; 

5.5; 1.3; 
1.0

Lyso-PE
1.2; 0.9; 

2.8; 4.5; 
3.5

HPLC-MS Strong correlation between total polar lipid 
concentration and fat concentration.

Maas et  al. 2017 Germany 
n = 9

Day 6–118 nm nm – – – – – ESI-MS PC ↑ in preterm milk versus term milk.

K. Li et  al. 2018 China 
n = 30 

Colostrum: Day 1
TM:
Day 14
MM:
Day 42

nm nm (↑ over lactation) nm nm nm (↑ over 
lactation)

nm (↑ over 
lactation)

– UPLC-QTOFMS Variations in PL and SL over lactation were 
independent of dietary intake.

Tavazzi et  al. 2018 Singapore 
n = 50

MM: Day 30–120 nm 5.39 2.85 1.82 nm 9.28 – HPLC-MS

Lindahl et  al. 2019 Ireland 
n = 22

Colostrum: Day <5
TM: Day 5-<2 weeks
MM: 2-<15 weeks

67.74
48.65
36.94

11.44 (16.9)b

6.56 (13.5)b

4.50 (12.2)b

49.40
(72.9)b

37.86
(77.8)b

29.15 (78.9)b

– – 6.90 (10.2)b

4.23 (8.7)b

3.29 (8.9)b

– LC-MS Total polar lipid concentration ↓ over lactation.

McJarrow et  al. 2019 United Arab Emirates 
TM n = 41 
MM n = 40

TM: 
Day 5–15 
MM: 6 months

26.9
22.0

6.6 (25)
3.0 (14)

6.6 (25)
8.0 (36)

1.1 (4)
0.7 (3)

2.9 (7)
1.6 (7)

9.1 (34)
8.3 (38)

5.4 (2)
4.0 (1.8)

HPLC-MS

Wei, Jin, et  al. 2019 China 
n = 10

Colostrum: Day 1–7
TM: 
Day 8–14 
MM: 
Day 27–33
Day 57–63
Day 87–93

25.83
24.78
23.67
23.63
22.57

7.55
7.21

6.74
6.06
5.69

7.39
7.07
6.92
6.89
7.13

1.05
0.93
0.64
1.00
0.75

1.29
1.21
1.03
1.15
0.85

8.54
8.37
8.34
8.54
8.15

– P-NMR Concentration of SM remained constant in term and 
preterm milk.

Author Region Lactation stage
Total polar lipid mg (or 

% of total lipid)a

PC PE PI PS SM Other

Analysis Outcome trendmg [or % of total polar lipids]

Table 2. (Continued)
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Claumarchirant et  al. 2016 Spain 
(n = 65) 
Madrid 
Valencia/Murcia 
(VM)

Colostrum: Day 0–5
Madrid
VM
TM: Day 6–15
Madrid
VM
MM:
1 month
Madrid
Valencia
Murcia
3 months
Madrid
Valencia
Murcia
6 months
Madrid
Valencia
Murcia
9 months
VM
12 months
VM

37.21
31.49
43.70
53.53
39.18
42.18
39.19
35.90
32.15
34.87
26.56
33.41
28.12
26.00
29.00

4.87
4.51
5.97
8.09
5.42
6.55
5.67
5.06
4.92
4.86
3.79
5.02
4.13
3.63
4.21

12.36
10.46
13.90
15.90
11.98
12.68
11.58
10.71
9.51
11.36
8.29
10.24
8.37
7.89
6.49

3.13
3.12
4.30
6.32
4.15
5.20
4.60
4.23
4.13
4.06
3.12
4.23
3.50
3.07
3.83

3.49
3.43
4.66
6.74
4.45
5.55
4.90
4.56
4.39
4.30
3.39
4.49
3.73
3.25
4.02

13.36
9.95
14.86
16.49
13.20
12.19
12.44
11.34
9.20
10.29
7.96
9.44
8.39
8.15
10.44

– HPLC-ELSD PI, PS and PC was ↑ in the coastal area than in the 
central area.

Giuffrida et  al. 2016 China 
n = 539 (total) 
n = 38 
n = 45 
n = 30 
n = 113 
n = 22 
n = 21 
n = 38 
n = 81 
n = 120 
n = 113 
n = 112 
n = 345

Colostrum: Day 0–5
Guangzhou
Beijing
Suzhou
Average
TM: 
Day 6–15
Guangzhou
Beijing
Suzhou
Average
MM: 0.5–8 months
Guangzhou
Beijing
Suzhou
Average

33.2
33.0
38.9
33.0
25.6
24.4
34.9
28.5
25.3
22.3
26.0
24.2

12.5 (37.7)
10.9 (33.0)
12.6 (32.4)

12.0 (36.4)
11.3 (44.1)
8.3 (34.0)
11.9 (34.1)
10.1 (35.4)
8.6 (34.0)
7.6 (34.1)
8.5 (32.7)
8.2 (33.9)

9.9 (29.8)
7.6 (23.0)
12.6 (32.4)
8.5 (25.8)
5.6 (21.9)
7.3 (29.9)
10.8 (30.9)
8.2 (28.8)
7.1 (28.1)
5.3 (23.8)
7.3 (28.1)
6.4 (26.4)

1.8 (5.4)
1.6 (4.8)
2.3 (5.9)
1.8 (5.5)
1.2 (4.7)
1.5 (6.1)
2.4 (6.9)
1.8 (6.3)
1.5 (5.9)
1.2 (5.4)
1.7 (6.5)
1.5 (6.2)

1.3 (3.9)
1.8 (5.5)
1.7 (4.4)
1.5 (4.5)
0.8 (3.1)
1.0 (4.1)
1.3 (3.7)
1.1 (3.9)
1.0 (4.0)
0.9 (4.0)
1.2 (4.6)
1.0 (4.1)

7.7 (23.1)
10.9 (33.0)
9.7 (24.9)
9.1 (27.6)
6.8 (26.6)
6.2 (25.4)
8.5 (24.4)
7.3 (25.6)
7.1 (28.1)
7.3 (32.7)
7.4 (28.5)
7.2 (29.8)

– HPLC-ELSD Average PL of the 3 cities and total PL ↓ over 
lactation PL distribution (%) was similar across 
lactation stages. 
Highest total polar lipid content was observed in 
human milk from Suzhou.

Yao et  al. 2016 China 
n = 10

MM: 
16–30 days

nm (24.4) (25.3) (7.9) (13.1) (29.3) – HPLC-ELSD

Ma et  al. 2017 Malaysia 
n = 48

Colostrum
TM:
MM:
2 months
6 months
12 months

352.4 mg/L
273.0 mg/L
147.1 mg/L
187.5 mg/L
204.7 mg/L

76.7 
48.6
21.0
23.7
27.6

89.9 
100.0
39.3
66.1
78.4

16.6
9.6
6.3
5.9
6.5

125.8 
90.9 
14.8
15.5
16.2

39.7
20.9 
57.4
70.4
71.5

Lyso-PC
2.5; 2.1; 

5.5; 1.3; 
1.0

Lyso-PE
1.2; 0.9; 

2.8; 4.5; 
3.5

HPLC-MS Strong correlation between total polar lipid 
concentration and fat concentration.

Maas et  al. 2017 Germany 
n = 9

Day 6–118 nm nm – – – – – ESI-MS PC ↑ in preterm milk versus term milk.

K. Li et  al. 2018 China 
n = 30 

Colostrum: Day 1
TM:
Day 14
MM:
Day 42

nm nm (↑ over lactation) nm nm nm (↑ over 
lactation)

nm (↑ over 
lactation)

– UPLC-QTOFMS Variations in PL and SL over lactation were 
independent of dietary intake.

Tavazzi et  al. 2018 Singapore 
n = 50

MM: Day 30–120 nm 5.39 2.85 1.82 nm 9.28 – HPLC-MS

Lindahl et  al. 2019 Ireland 
n = 22

Colostrum: Day <5
TM: Day 5-<2 weeks
MM: 2-<15 weeks

67.74
48.65
36.94

11.44 (16.9)b

6.56 (13.5)b

4.50 (12.2)b

49.40
(72.9)b

37.86
(77.8)b

29.15 (78.9)b

– – 6.90 (10.2)b

4.23 (8.7)b

3.29 (8.9)b

– LC-MS Total polar lipid concentration ↓ over lactation.

McJarrow et  al. 2019 United Arab Emirates 
TM n = 41 
MM n = 40

TM: 
Day 5–15 
MM: 6 months

26.9
22.0

6.6 (25)
3.0 (14)

6.6 (25)
8.0 (36)

1.1 (4)
0.7 (3)

2.9 (7)
1.6 (7)

9.1 (34)
8.3 (38)

5.4 (2)
4.0 (1.8)

HPLC-MS

Wei, Jin, et  al. 2019 China 
n = 10

Colostrum: Day 1–7
TM: 
Day 8–14 
MM: 
Day 27–33
Day 57–63
Day 87–93

25.83
24.78
23.67
23.63
22.57

7.55
7.21

6.74
6.06
5.69

7.39
7.07
6.92
6.89
7.13

1.05
0.93
0.64
1.00
0.75

1.29
1.21
1.03
1.15
0.85

8.54
8.37
8.34
8.54
8.15

– P-NMR Concentration of SM remained constant in term and 
preterm milk.

Author Region Lactation stage
Total polar lipid mg (or 

% of total lipid)a

PC PE PI PS SM Other

Analysis Outcome trendmg [or % of total polar lipids]

(Continued)
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Dei Cas et  al. 2020 Italy 
n = 18 

MM: Day 10 – – – – - nm – LC-MS No difference in SM content between preterm and 
term milk. 
SM showed very low variability (not influenced) 
between the 3 diet types. SM in diet was not 
quantified but differed based on food sources.

B. Y. B. Y. Fong, Ma, and 
MacGibbon 2020

China 
n = 20

MM:
0.5 month
1 month
2 months
3 months
4 months
6 months
8 months
Average

21.3
19.3
19.5
23.6
20.7
24.2
24.6
21.9

5.25 (25)
4.67 (24)
4.29 (22)
5.11 (22)
4.06 (20)
4.74 (20)
5.17 (21)
4.75 (22)

6.68 (31)
6.51 (34)
7.62 (39)
8.63 (37)
8.88 (43)
9.07 (37)
9.50 (39)
8.13 (37)

0.70 (3)
0.56 (3)
0.58 (3)
0.69 (3)
0.86 (4)
0.94 (4)
0.92 (4)
0.75 (3.4)

0.93 (4)
0.67 (3)
0.71 (4)
0.86 (4)
0.79 (4)
1.50 (6)
1.08 (4)
0.94 (4)

7.35 (35)
6.54 (34)
5.97 (31)
7.81 (33)
5.79 (28)
7.52 (31)
7.57 (31)
6.94 (32)

LPE + LPC
3.5 (2)
3.4 (2)
3.0 (1)
4.9 (1)
3.4 (1)
4.0 (2)
3.4 (1)
3.7 (1.6)

HPLC-MS SM, PC & PS concentration remained relatively 
constant throughout the 7 timepoints but total PL 
concentration ↑.

Selvalatchmanan et  al. 2021 Singapore  
n = 20

MM:
Day 62–101

nm nm nm nm nm nm nm LC-MS PE concentration showed the strongest 
morning-evening variation. PI, PS and PC ↑ in 
evening milk. SM did not show diurnal variation.

Reported ranged Colostrum
MM

25.8–38.9 
 14.7–26.0

7.6–12.6
2.1–8.6

7.4–12.6
2.9–9.5

1.1–2.3
0.6–1.8

1.3–12.6
0.7–1.6

4.0–10.9
5.7–9.3

HPLC: high-performance liquid chromatography; ELSD: evaporative light scattering detection; P-NMR: phospho-nuclear magnetic resonance spectroscopy;               TL              C: thin layer chromatography; nm: not mentioned; TM: transitional milk; MM: mature milk
aTotal polar lipid content refers to the cumulation of PC, PE, PI, PS and SM only (5 major polar lipid classes)
bValue calculated/interpreted based on data provided by author
cValue represents an average of the dataset
dConsidering full-breast studies only described/calculated in mg/100 ml (or mg/100g), including different regions and not differentiation for detection methods.

Author Region Lactation stage
Total polar lipid mg (or 

% of total lipid)a

PC PE PI PS SM Other

Analysis Outcome trendmg [or % of total polar lipids]

Table 2. (Continued)

individual species of the five major polar lipids at different 
stages of lactation (McJarrow et  al. 2019), but further review 
on this was beyond the scope of this review.

3.2.1.4.  Gestation age (term vs preterm milk).  Lindahl 
et  al. noted that the increased concentration of PE, PC 
and SM in preterm milk compared to term milk was 
most prominent in colostrum and became less apparent 
as lactation progressed (Lindahl et  al. 2019). Polar lipid 
composition of preterm milk at the transitional stage 
appears to resemble full-term milk in early lactation. 
On the contrary, Holmes et  al. noted no influence of 
gestational age (28–38 weeks) on choline content in 
human milk (Holmes, Snodgrass, and Iles 2000).

Xu et  al. further explored upregulated and downregulated 
lipids in preterm colostrum compared to term colostrum 
(L. Xu, Chen, et  al. 2020). Higher metabolic demands 
(Nilsson et  al. 2018) or increased choline requirements 
(Bernhard, Poets, and Franz 2019) in the preterm infant, 
or immaturity of the mammary gland (Nilsson et  al. 2018) 
may explain the higher polar lipid concentration in preterm 
colostrum. Taken together these studies thus reveal that 
preterm and term milk PL differences predominantly occur 
directly after birth and are likely related to metabolic dif-
ferences between term and preterm infants.

3.2.1.5. Effect of genes, gender and diurnal variation. Single 
nucleotide polymorphisms in genes involved in choline 
metabolism (Fischer et  al. 2010) and maternal hormone 
status (Ozarda, Cansev, and Ulus 2014) can influence PL 
content. Powe et  al. noted that breastmilk produced for 
male infants had a higher energy content (Powe, Knott, 

and Conklin-Brittain 2010; Hinde 2007). In agreement 
with these findings, Thakkar et  al. reported a higher mean 
lipid content, total PL and individual PL concentration in 
milk from male infants (Thakkar et  al. 2013). Gender was 
found to have the highest influence at around 2 months 
and the role of gender on compositional differences was 
hypothesized to be attributable to longer nursing sessions 
or increased feeding volume (Thakkar et  al. 2013).

Additionally, within-feed variation in human milk exists 
as well, whereby studies have noted that foremilk has a 
lower concentration of lipids (Thakkar et  al. 2013; 
Selvalatchmanan et  al. 2021) and polar lipids (Zeisel, Char, 
and Sheard 1986) compared to hindmilk. Likewise, evening 
milk is more lipid-rich than morning milk, particularly 
containing a 1.5-fold higher PE concentration 
(Selvalatchmanan et  al. 2021). Milk polar lipid diurnal 
changes as well as changes during a feed are thus in line 
with the known differences for total milk lipids.

3.2.1.6.  Effect of diet.  Some studies corrected for 
nutrient deficiencies prior to intervention and although 
not examined further in this systematic review, nutrient 
deficiencies may affect incorporation of polar lipids into the 
MFGM. Roy et  al. and Al-Tamer & Mahmood examined 
the association between socioeconomic status and dietary 
habits on milk polar lipid content (Roy et  al. 2015; Y. 
Y. Al-Tamer and Mahmood 2006). Both studies noticed 
a difference in total polar lipid content upon stratifying 
according to lactation stage. SM content remained 
unchanged in interventions examining dietary patterns 
(Dei Cas et  al. 2020) and choline intake (Davenport 
et  al. 2015; Fischer et  al. 2010). Apart from region, Glew 
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Dei Cas et  al. 2020 Italy 
n = 18 

MM: Day 10 – – – – - nm – LC-MS No difference in SM content between preterm and 
term milk. 
SM showed very low variability (not influenced) 
between the 3 diet types. SM in diet was not 
quantified but differed based on food sources.

B. Y. B. Y. Fong, Ma, and 
MacGibbon 2020

China 
n = 20

MM:
0.5 month
1 month
2 months
3 months
4 months
6 months
8 months
Average

21.3
19.3
19.5
23.6
20.7
24.2
24.6
21.9

5.25 (25)
4.67 (24)
4.29 (22)
5.11 (22)
4.06 (20)
4.74 (20)
5.17 (21)
4.75 (22)

6.68 (31)
6.51 (34)
7.62 (39)
8.63 (37)
8.88 (43)
9.07 (37)
9.50 (39)
8.13 (37)

0.70 (3)
0.56 (3)
0.58 (3)
0.69 (3)
0.86 (4)
0.94 (4)
0.92 (4)
0.75 (3.4)

0.93 (4)
0.67 (3)
0.71 (4)
0.86 (4)
0.79 (4)
1.50 (6)
1.08 (4)
0.94 (4)

7.35 (35)
6.54 (34)
5.97 (31)
7.81 (33)
5.79 (28)
7.52 (31)
7.57 (31)
6.94 (32)

LPE + LPC
3.5 (2)
3.4 (2)
3.0 (1)
4.9 (1)
3.4 (1)
4.0 (2)
3.4 (1)
3.7 (1.6)

HPLC-MS SM, PC & PS concentration remained relatively 
constant throughout the 7 timepoints but total PL 
concentration ↑.

Selvalatchmanan et  al. 2021 Singapore  
n = 20

MM:
Day 62–101

nm nm nm nm nm nm nm LC-MS PE concentration showed the strongest 
morning-evening variation. PI, PS and PC ↑ in 
evening milk. SM did not show diurnal variation.

Reported ranged Colostrum
MM

25.8–38.9 
 14.7–26.0

7.6–12.6
2.1–8.6

7.4–12.6
2.9–9.5

1.1–2.3
0.6–1.8

1.3–12.6
0.7–1.6

4.0–10.9
5.7–9.3

HPLC: high-performance liquid chromatography; ELSD: evaporative light scattering detection; P-NMR: phospho-nuclear magnetic resonance spectroscopy;               TL              C: thin layer chromatography; nm: not mentioned; TM: transitional milk; MM: mature milk
aTotal polar lipid content refers to the cumulation of PC, PE, PI, PS and SM only (5 major polar lipid classes)
bValue calculated/interpreted based on data provided by author
cValue represents an average of the dataset
dConsidering full-breast studies only described/calculated in mg/100 ml (or mg/100g), including different regions and not differentiation for detection methods.

Author Region Lactation stage
Total polar lipid mg (or 

% of total lipid)a

PC PE PI PS SM Other

Analysis Outcome trendmg [or % of total polar lipids]

et  al. also examined the effect of malnutrition status on 
breastmilk composition (Glew et  al. 1995). Total polar 
lipids and the concentration of individual PL classes in 
both moderately malnourished and severely malnourished 
groups were similar. In total, socioeconomic status and 
its influence on women’s dietary pattern may affect total 
milk polar lipid content but further research in a larger 
cohort may be warranted to conclude a definitive trend 
and determine if this is related to nutritional stress.

3.2.2.  Phospholipid composition in bovine milk
3.2.2.1. Variation in bovine milk polar lipids. Bovine milk 
polar lipid composition has been studied by many studies 
(Table 3). Most studies reported that PC (12%–48%) 
and PE (3%–39%) are the most abundant polar lipid 
species in bovine milk. Differences in the sensitivity of 
the analytical techniques alongside breed, lactation stage, 
diet, sample size and environmental factors attribute 
to the variation in polar lipids quantified. Herewith, 
total milk lipid concentrations proved to be one of the 
largest factors determining variation. Moreover, Ali et  al. 
discussed that polar lipids are impacted by technological 
treatment such as pasteurization, homogenization and 
freeze drying and as such processing of milk prior to 
compositional analysis can therefore be a confounder to 
true PL composition (Ali et al. 2018), discussed further in 
section 3.3 ‘Dairy sources and ingredients’. Attempts for 
a quantitative synthesis and determination of reasonable 
bovine milk PL ranges based upon all included studies in 
this systematic review emphasized that often important 
information about these confounding factors is missing 

and/or insufficient information to recalculate data into 
similar units is available. Therefore, no reasonable ranges 
for bovine are reported in this systematic review and it is 
recommended to focus on individual studies (e.g. selected 
based on bovine species and season) for estimating 
levels. For future analytical studies, particular for bovine 
milk and bovine milk derived products, more detailed 
information about the milk source, including at least 
information about the confounding factors discussed in 
this review, should thus be provided.

3.2.2.2.  Breed and genetic differences.  It is well-known 
that MFG size differs between cow breeds. For instance, 
MFG size is smaller in the milk of Holsteins compared 
to Jerseys (Graves, Beaulieu, and Drackley 2007). The size 
variation has been correlated to endogenous fat synthesis 
and hence milk fat yield (Graves, Beaulieu, and Drackley 
2007; Lopez, Briard-Bion, and Ménard 2014). Smaller 
MFGs, for instance in the case of Holstein milk, contain 
a higher concentration of SM (Graves, Beaulieu, and 
Drackley 2007). Argov-Argaman et  al. further examined 
the effect of polymorphisms in the DGAT1 enzyme’s 
gene and determined that there were differences in 
PL composition, influenced by changes in triglyceride 
synthesis (Argov-Argaman et  al. 2013). Thus, genetic 
background of the cows will impact milk polar lipid 
composition, mostly related to MFG size.

3.2.2.3.  Effect of parity.  Although not widely examined, 
parity may influence milk PL levels. Cengiz et  al. noted 
an increase in PL proportion from 1st to 3rd parity 
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and a decline in 4th parity of Brown Swiss cows, but a 
dissimilar trend in Holstein cows (Cengiz et  al. 2016). 
The SM concentration in both whole milk and as part 
of the milk fat of Jersey cows was found to increase in 
the third parity (Graves, Beaulieu, and Drackley 2007). 
The latter may be due to the decrease in MFG size with 
increasing lactation number (Campbell 1932 as cited in 
Graves, Beaulieu, and Drackley 2007).

3.2.2.4  Effect of lactation stage and within-milk 
differences.  Studies identified in this systematic review 
mostly explored the effect of lactation stage on milk 
composition but ‘days in milk’ (DIM) of cows varied 
widely. Lactation stage appears to influence total PL 
and individual PL concentration, but the trend remains 
ambivalent as depicted in Table 3. Graves et  al. reported 
that cows in late lactation (>200 DIM) had a higher 
milk fat content and a higher SM concentration in whole 
milk but SM as part of the milk fat was not affected by 
lactation stage (Graves, Beaulieu, and Drackley 2007). 
This may be confounded by changes in milk yield which 
decreases as lactation progresses (Bjerre-Harpøth et  al. 
2012). The authors also summarized findings from 
older literature, stating that MFG size decreases and the 
expression of MFGM increases with advancing lactation 
stage (Graves, Beaulieu, and Drackley 2007). Cheema 
et  al. also reported a gradual increase in SM and PC 
concentration from early (DIM = 21) to late lactation 
(DIM = 217) in whole milk (Cheema et  al. 2018).

Milk fat concentration is well-known to increase over the 
milking process (as reviewed in (Rico et  al. 2014)). The 
authors discussed that the higher fat concentration in hind-
milk may be explained by the secretion of more MFGs from 
the mammary gland (Rico et  al. 2014). Interestingly, Wiking 
et  al. discovered that a higher milking frequency (4 times 
daily versus twice) produced milk with a larger MFG size, 
and temporarily increased milk yield and fat percentage for 
3 days (Wiking et  al. 2006). Although not examined, this 
might have altered the polar lipid concentration as well. In 
conclusion, farm management factors related to lactation 
stage and milking may thus impact milk polar lipid 
composition.

3.2.2.5.  Effect of cow feed.  Studies identified in this 
systematic review that assessed the effect of feed on milk 
polar lipid composition mainly related to interventions 
aimed at changing the level of unsaturated fatty acids in 
the cow’s diet. Lashkari et  al. noted an increase in SM 
concentration with high oleic sunflower seeds (10% of dry 
matter) while Lopez et  al. noted a higher total PL and SM 
concentration with supplementation of extruded linseeds 
(Lashkari et  al. 2020; Lopez et  al. 2008). Conversely, 
Graves et  al. found no change in SM concentration, milk 
fat or milk yield upon supplementing soybean oil (Graves, 
Beaulieu, and Drackley 2007) while conjugated linoleic 

acid reduced PE and PC concentration in milk fat (Zhang 
et  al. 2021). Apart from supplementation, modification of 
concentrate to forage ratio also influenced concentration 
of PL classes whereby a high concentrate-low forage 
ratio increased daily yield of total phospholipids and 
individual phospholipid classes (Mesilati-Stahy, Malka, 
et  al. 2015; Argov-Argaman et  al. 2014). Interestingly, 
Mesilati-Stahy et  al. examined the effect of glucogenic 
dietary supplementation on the composition of milk 
lipids and the cow’s estrous cycle, noting that PE and 
PS were higher in cows supplemented (R. Mesilati-Stahy, 
Malka, and Argov-Argaman et  al. 2014). Thus, although 
mostly studied in relation to feed supplementation with 
unsaturated fatty acids, feed impacts the milk polar lipid 
profile.

3.2.2.6.  Effect of season and temperature.  Graves et  al. 
observed that on average SM concentration in milk fat 
was the greatest during summer and the lowest in winter 
(Graves, Beaulieu, and Drackley 2007). On the other 
hand, Liu et  al. observed the highest concentration for 
all PL classes in autumn (Z. Liu et  al. 2017). However, 
advancing lactation stage and pasture availability may 
have confounded seasonal differences in milk composition 
(Walker et  al. 2013; Z. Liu et  al. 2017).

Heat stress in dairy cattle frequently occurs in temperate, 
tropical, and sub-tropical regions (Z. Liu et  al. 2017). 
Consequently, feed intake and milk yield decreases, alongside 
physiological changes (Tian et  al. 2016). The latter is par-
ticularly because heat dissipation consumes a considerable 
amount of energy, reducing energy availability for milk pro-
duction which was also demonstrated to impact MFGM 
composition (West 2003).

3.2.3.  Gangliosides in human and bovine milk
For the quantification of gangliosides several methods have 
been described. Older literature used high-performance 
thin-layer chromatography (HPTLC) to analyze ganglioside 
content (Li Pan and Izumi 1999) and quantified total gan-
gliosides as total lipid-bound sialic acid (T-LBSA) or total 
lipid-bound n-acetylneuraminic acid. However, HPTLC has 
lower sensitivity and specificity compared to high perfor-
mance liquid chromatography (HPLC) and mass spectrom-
etry used in more recent studies (Ma, Liu, et  al. 2015). 
Moreover, T-LBSA is not an accurate representation of total 
ganglioside content due to the interference from 
non-ganglioside components, potentially leading to an over-
estimation (Perea-Sanz, Garcia-Llatas, and Lagarda 2018; 
Ma, MacGibbon, et  al. 2015). Hence, for accurate compar-
ison, only studies quantifying gangliosides using liquid chro-
matography (LC) assays were included in this systematic 
review (Table 4).

Summarizing, this systematic review reveals that most 
studies report disialoganglioside (GD3) as the dominant 
ganglioside class in human colostrum. As lactation pro-
g re ss e s  f rom  c o l o s t r u m  to  m atu re  m i l k , 
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monosialoganglioside (GM3) concentration increases (24% 
to 93%) while GD3 decreases (76% to 7%) (Ma, Liu, et  al. 
2015; Giuffrida et  al. 2014; Giuffrida et  al. 2016). Although 
this trend was consistent across all studies in terms of class, 
the relative distribution of some GD3 species increased as 
lactation progressed (Ma, Liu, et  al. 2015). However, the 
trend for total ganglioside content remains equivocal with 
some studies reporting an increase while others demonstrat-
ing a decrease. Ma et  al. reviewed that studies which used 
the older HPTLC method identified GT3 as the third most 
abundant ganglioside, a detail that the current HPLC method 
could not provide (Ma, MacGibbon, et  al. 2015). The 
increase of GM3 relative to GD3 was much slower in 
preterm milk than in full-term milk which may be attrib-
utable to the shift in physiological needs of the breast-fed 
infant (Li Pan and Izumi 1999).

Multiple studies demonstrated a positive linear relation-
ship between total ganglioside concentration (GM3 + GD3) 
and fat % in human breastmilk across 8 months, 12 months 
and 4 months parturition (Thakkar et  al. 2013; Rueda et  al. 
1995; Ma, Liu, et  al. 2015; Ma, MacGibbon, et  al. 2015). 
The physiological relationship is not well-understood but it 
is hypothesized that a higher milk fat percentage allows for 
more gangliosides to be incorporated into the MFGM (Ma, 
Liu, et  al. 2015; Ma, MacGibbon, et  al. 2015).

Although the studies assessed in this review used LC-MS 
for quantifying gangliosides, it is noteworthy that the mass 
range used for detection varied and Ma et  al. commented 
that some studies (Giuffrida et  al. 2014; Thakkar et  al. 
2013) did not have the mass range to include all GM3 
species (Ma, Liu, et  al. 2015). This could potentially indi-
cate an underestimation in the content of total GM3, total 
gangliosides or individual GM3 species. Nonetheless, for 
term human milk ganglioside ranges have been determined 
using all studies reporting LC-MS values (Table 4). For 
human milk colostrum and bovine milk ranges could not 
be determined because of a lack of sufficient data (specif-
ically for bovine milk when correcting for confounding 
factors).

Bovine milk studies report a similar trend in dominant 
ganglioside and relative distribution of gangliosides (GM3 
and GD3) with increasing lactation stage. However, gangli-
oside total concentrations are lower than in human milk. 
Multiple factors may affect ganglioside content such as 
MFGM size, lactation stage, species, and season (Potočki 
et  al. 2016) as with phospholipids but there is a paucity in 
data on ganglioside concentration in bovine milk using more 
reliable LC methods. Rivas-Serna et  al. reported that GD3, 
GT3 and GM3, in order of abundance, represent 80%–90% 
of gangliosides in mature bovine milk (Rivas-Serna 
et  al. 2015).

3.2.4.  Other milk polar lipids
Levels of other minor milk polar lipid species including 
cerebrosides, ceramides, plasmalogens and sulfatides are, 
relative to PL, SM, and gangliosides, less well described. 
Cerebrosides (mainly glucosylceramide and galactosylcer-
amide) and lactoceramide (also classified as a globoside 

having more than one sugar as the side chain) have been 
identified in both human and bovine milk as part of the 
MFGM and levels in human milk have been reported at 
9.9–17.4 and 1.3–3.0 µg/ml, respectively (Ma et  al. 2020) or 
1.8 µM (non-hydroxylated fatty acid-containing cerebroside 
species), 1.7 µM (hydroxylated and short-chain fatty 
acid-containing cerebroside species) and 931 nM (lactosyl-
ceramide) (Newburg and Chaturvedi 1992). Bovine milk 
levels differed from human milk with bovine milk mainly 
containing non-hydroxylated fatty acid cerebrosides (reported 
at 8 µM) and a lower concentration of lactosylceramide 
(reported at 17 µM) (Newburg and Chaturvedi 1992). Ma 
et  al. reported levels at 9.8–12 (cerebrosides) and 14.3–
66.2 µg/ml (lactosylceramide) (Ma et  al. 2020). Specifically 
for bovine milk, a comprehensive study quantified individual 
species of glucosylceramide, lactocylceramide and (PC and 
PE) plasmalogens (Z. Liu et  al. 2020). In this study, the 
glycerophospholipid phosphatidylglycerol was also identified 
as a minor milk polar lipid species. Plasmalogens have also 
been detected in human milk and consisted primarily of 
PC, PE species and their lyso-forms (Song et  al. 2021; 
Moukarzel et  al. 2016). Thus, only a few studies describe 
levels of the minor phospholipids and future work should 
elaborate further including factors that may influence levels 
in both human and bovine milk.

3.3.  Dairy sources and ingredients

Although polar lipids represent only 0.5%–1.0% of the total 
milk lipids (Bourlieu et  al. 2018; B. Y. Fong, Norris, and 
MacGibbon 2007), bovine dairy is of particular interest 
because of the high content of SM and PS and levels of 
more complex structures such as glycolipids compared to 
other lecithin sources such as soybean and egg yolk (Burling 
and Graverholt 2008). These lecithin sources typically con-
tain high a level of PC and PE and a low level of SM, where 
soy lecithin specifically lacks SM (Szuhaj 2005). Functionally 
these differences may have large consequences as illustrated 
by several studies (see section physiological benefits).

Milk polar lipid content ranges from 3.6–479.5 mg/100 g 
among dairy products (Rombaut, Dewettinck, and Van Camp 
2007). A low level of polar lipids could be detected in milk 
powder (Ali et  al. 2017). Specific dairy ingredients rich in 
polar lipids can be categorized as either MFGM-enriched 
ingredients or phospholipids extracts, where MFGM-enriched 
ingredients generally provide a broader spectrum of MFGM 
components and may therefore be considered as a better 
source for nutrition (Fontecha et  al. 2020). MFGM-enriched 
ingredients can be obtained from diary streams including 
whey and cream (S. Gallier, MacGibbon, and McJarrow 
2018; Rombaut, Dewettinck, and Van Camp 2007). Whey 
is derived from either cheese manufacturing or caseinate 
manufacturing. Sweet whey is a side stream of 
rennet-coagulated cheese, and acid whey is a side stream 
of caseinate that is produced via acid acidification of milk. 
During cheese manufacturing, around 20% of the phospho-
lipids are retained in the whey (Tania Ferreiro and 
Rodríguez-Otero 2018). Therefore, whey protein concentrates 
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and byproducts of whey protein isolates such as whey PL 
are good sources for milk polar lipids, especially when addi-
tional steps are taken to enrich MFGM (Levin, Burrington, 
and Hartel 2016; Zhu and Damodaran 2013). Acid whey 
however is particularly low in PL as in the production of 
caseinates skimmed milk is used. As a further enrichment, 
MFGM enriched whey was also subjected to alcohol frac-
tionation to alter levels and ratios of polar lipid which was 
demonstrated to impacted overall functionality (Boyd, Drye, 
and Hansen 1999; Zhu and Damodaran 2013) although its 
application on larger scale is limited. In addition to specific 
enrichment of MFGM, enrichment of specific whey proteins 
(such as alpha-lactalbumin) has also been demonstrated to 
result in concurrent enrichment of milk polar lipids as com-
pared to conventional whey (Moloney, O’Connor, and 
O’Regan 2020).

Two different processes are applied to isolate tri-
glycerides from cream and thereby simultaneously produce 
MFGM rich side streams: directly from cream or reworked 
from butter. In the direct process, cream is first centrifuged 
to preconcentrate the fat, followed by a homogenization 
and phase inversion process to produce anhydrous milk 
fat. In this process, two types of serum are obtained, the 
so-called alpha- and beta-serum which contain the MFGM 
components (Fontecha et  al. 2020). Particularly the 
beta-serum contain a high level of PL. Anhydrous milk 
fat (often called butteroil) can also be produced from but-
ter, which is obtained via churning of cream. During 
churning, the mechanical agitation in the presence of air 
results in the aggregation of fat globules and globular 
membrane disruption. The membrane material along with 
the water-soluble components gathered in the aqueous 
phase are called buttermilk (Corredig, Roesch, and 
Dalgleish 2003). Melted butter can subsequently be sepa-
rated into anhydrous milk fat and butter serum through 
a centrifugation process. Although buttermilk contains a 
high concentration of polar lipids as MFGM (Ren et  al. 
1992; Ali 2019), butter serum has a higher content of 
material derived from MFGM and a higher proportion of 
SM compared to buttermilk (Lopez, Blot, et  al. 2017; Calvo 
et  al. 2020). Thus, within dairy production several sources 
can be extracted that contain high levels of milk polar lipids.

Further separation of neutral and polar lipids leverages 
the use of solvents for extraction and fractionation as e.g. 
discussed above for whey polar lipids. The use of hydro-
phobic and hydrophilic solvents mixture is widely adopted 
in industry were hexane or chloroform and hydrophilic 
solvent propanol or ethanol are used (Rombaut, Van Camp, 
and Dewettinck 2005; Boyd, Drye, and Hansen 1999). 
Triglycerides are extracted using hydrophobic solvents, while 
amphiphilic polar lipids can be effectively obtained with a 
mixture of hydrophobic and hydrophilic solvents. Moreover, 
the addition of sodium phosphate buffering was demon-
strated to improve the recovery of MFGM from buttermilk 
(Spitsberg, Ivanov, and Shritz 2019). Other methodologies 
include zinc/calcium acetate precipitation, pressurized liquid 
extraction, supercritical fluid extraction, and functionalized 
polyvinylidene fluoride membrane and microfiltration (Price 

et  al. 2020; Astaire et  al. 2003; Verma et  al. 2020; Costa 
et  al. 2010; Castro-Gómez et  al. 2017). Supercritical fluid 
extraction has been reported to increase the polar lipids 
content by selective removal of neutral lipids like tri-
glycerides (Costa et  al. 2010). To increase the polar lipid 
content of MFGM obtained through microfiltration, the use 
of supercritical carbon dioxide was employed, which reduced 
the concentration of neutral lipids and increase the concen-
tration of polar lipids (Astaire et  al. 2003).

The composition of polar lipids in MFGM products is 
thus highly dependent on processing methodology (Spence 
et  al. 2009b; El-Loly 2011; Spence et  al. 2009a; Haddadian 
et  al. 2018; Yao et  al. 2015; T. Ferreiro et  al. 2016). As 
discussed, during milk processing the MFG is disrupted and 
MFGM is released into the aqueous phase by mechanical 
processes such as stirring, homogenization, aeration, and 
heating during butter and cheese production (K. Lee et  al. 
2020). Physical forces during homogenization for example, 
led to the partial disruption of the MFGM and to the 
adsorption of milk proteins i.e. caseins and whey proteins 
at the milk fat globule interface (Sophie Gallier, Gragson, 
Jiménez-Flores, et  al. 2010; Martins et  al. 2008; Kiełczewska 
et  al. 2021; Lopez 2005). Similarly, heat processing causes 
the incorporation of denatured whey proteins (especially 
β-lactoglobulin) into MFGM and thereby modifies the polar 
lipid content of the MFGM (Reis et  al. 2020; S. J. Lee and 
Sherbon 2002). Heat also induces changes in the micro-
structure of MFGM such as the formation of SM-rich 
domains (Et-Thakafy, Guyomarc’h, and Lopez 2017). In 
general, rapid cooling of milk enhances nucleation and 
growth of the lipid domains. Whereas upon heating, diffu-
sion of the lipid domains, coalescence and reduction in 
domain size were observed. In addition, Maillard reactions 
between PE and reducing sugars yields PE-linked Amadori 
products which may be formed during powder production, 
although the influence of glycated lipids on health is 
unknown to date (Kodate et  al. 2018). Furthermore, the 
choice of drying method could affect the morphological 
characteristics, thermotropic properties and oxidative stabil-
ity of phospholipids (Zhu and Damodaran 2011). In addi-
tion, microfiltration and ultrafiltration are used to separate 
polar lipids from dairy components such as lactose, whey 
proteins and minerals (Gassi et  al. 2016; Jukkola et  al. 2019). 
Overall, the yield, purity and composition of milk polar 
lipids is thus dependent on the choice of dairy streams and 
processing.

3.4.  Physiological importance of milk polar lipids

Milk polar lipids have been associated with physiological 
benefits since the early 1900s. Since then, numerous studies 
have demonstrated the effects of milk polar lipids on human 
health both in vitro and in vivo. This section discusses the 
physiological benefits associated with milk polar lipids in 
different areas from clinical (infant, maternal, adult) to ani-
mal and in vitro studies.
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3.4.1.  Source for essential nutrients
PL and SL have a relative complex composition and contain 
several (conditional) essential nutrients which can be 
released during digestion & metabolism. A range of studies 
discuss the contribution of PL and SL to the overall intake 
of these nutrients including choline, inositol, ethanolamine, 
cholesterol, sialic acid and essential fatty acids including 
docosahexaenoic acid (DHA).

3.4.1.1  Choline.  Dietary PL are a good source of 
choline. While choline can be obtained through 
endogenous synthesis, a dietary source is required as 
endogenous synthesis if often not sufficient, especially 
during development (Carver 2006). Choline is essential 
for the synthesis of neurotransmitters (acetylcholine), 
trimethylamine, betaine and phospholipids and thereby 
contributes to functioning of the liver, muscle and brain; 
lipid metabolism and cellular composition and repair 
(reviewed in (Wallace et  al. 2018; Wiedeman et  al. 2018)). 
Intervention studies with choline or PC and experiments 
with choline deficient diets in dams during the suckling 
period further revealed that choline is critical for the 
absorption of fat in lactating rats and that choline 
deficiency alters intestinal morphology (R. P. da Silva 
et  al. 2015). Other studies revealed that feeding mice 
choline in the form of PC through the maternal diet 
improved T cell proliferation and improved the ability of 
immune cells to respond to ex vivo mitogen challenges 
(Dellschaft et  al. 2018). In piglets, moderate perinatal 
choline deficiency induced physiological and metabolomic 
changes including an increased hepatic lipid content 
and reduced brain size (Getty and Dilger 2015). Among 
the dietary sources, PC and SM contribute to the daily 
intake of choline. Although determining dietary reference 
values for choline may be challenging because of the 
lack of suitable biomarkers for choline intake, adequate 
intake levels have been defined for adults based upon 
average observed intake and taking in consideration the 
amounts that were needed to replete deficient subjects 
(EFSA 2016). Specifically, for infants, adequate intake 
levels were based on upwards extrapolation from the 
estimated choline intake of exclusively breastfed infants 
and for children based upon downwards extrapolation 
from adult adequate intake. Specifically for preterm 
infants, theoretical considerations and clinical data suggest 
adequate intake may be higher, as discussed by Bernhard 
et  al. (Bernhard, Poets, and Franz 2019).

3.4.1.2.  Inositol.  Inositol is a sugar alcohol present 
in biologic systems primarily as myo-inositol. 
Phosphoinositides (predominantly PI) are PL species 
that contain myo-inositol. Inositol is considered as an 
essential nutrient contributing to many key functions 
in biological systems including signal transduction 
& metabolic regulation (Carver 2006). Many of the 

inositol physiological functionalities are assigned to 
phosphoinositides. Historically, inositol has been of 
interest with respect to diabetes mellitus, renal disease 
and growth and development. Breastmilk supplies a 
high concentration of inositol and term infants can 
produce inositol from glucose at rates sufficient to meet 
requirements (Brown et  al. 2009; Holub 1992). Although 
the role of dietary inositol in infant development is not 
completely understood, studies indicate that inositol 
supplementation may be beneficial for infants born 
prematurely because of a possible insufficient endogenous 
synthesis (Hallman et  al. 1992). A recently updated 
Cochrane systematic review however concluded that there 
was no significant benefit, and inositol supplementation 
should not be routinely applied for the nutritional 
management of preterm infants (Howlett, Ohlsson, and 
Plakkal 2019).

3.4.1.3.  Ethanolamine.  In milk, ethanolamine primarily 
occurs as headgroup of PE although its free form also has 
been detected in human milk. Humans are not capable 
of synthesizing ethanolamine and therefore milk PE is an 
important dietary source of ethanolamine. Ethanolamine 
has been demonstrated to enhance proliferation of 
epithelial cells, promote intestinal development and 
growth in weaned piglets (Yang et  al. 2016) as well as 
affect microbiome during weaning in rats (J. Zhou et  al. 
2018) thus suggesting a crucial role for ethanolamine in 
gut physiology.

3.4.1.5  Sialic acid.  Milk is a rich source of sialic acid in 
the form of oligosaccharides, glycoproteins or glycolipids 
although levels are typically lower in cow’s milk as 
compared to human milk (Spichtig, Michaud, and Austin 
2010). Glycolipids in milk are consisted primarily of 
gangliosides, which are composed of a glycosphingolipid 
with one or more sialic acid residues. Sialic acid is 
considered as an essential nutrient for brain development 
and cognition (B. Wang 2009; Karim and Wang 2006). 
For example, animal studies suggest that dietary sources 
of sialic acid influence brain cortical composition (Scholtz 
et  al. 2013). Moreover, the relevance of sialic acid for 
neurodevelopment is illustrated by the observations 
that brain levels of gangliosides and glycoproteins differ 
between breastfed and formula fed infants (B. Wang et  al. 
2003) thereby also illustrating the need for sialic acid 
enrichment in formula. Milk polar lipid preparations, 
particularly gangliosides, are thus an important source 
of sialic acid.

3.4.1.6  Essential fatty acids.  Proper development of the 
brain, retina and other tissues depends upon provision 
of (conditional) essential long-chain polyunsaturated fatty 
acids (LC-PUFA) (Uauy et  al. 2001). Milk provides LC-
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PUFA in the form of triglycerides (TG) or polar lipids 
and several studies have investigated the effect of the 
chemical structure on absorption and bioavailability. 
Although outcomes are not consistent across all studies 
and likely factors such as dosing and ratios with other 
fatty acids will affect outcomes, some studies suggest that 
LC-PUFA derived from PL are better absorbed and have 
a higher brain availability than TG-derived forms. In rats, 
formula enriched with different DHA sources including 
egg yolk-derived PL, single-cell algae-derived TG, a 
DHA-ethyl ester and a sn-2 DHA monoacylglyceride 
revealed that, although intestinal absorption was similar 
to the sources tested, tissue DHA accretion and milk 
DHA content were higher in PL and monoacylglyceride 
supplemented rats (Valenzuela et  al. 2005). In Baboon 
neonates, a study with stable-isotope labeled Arachidonic 
acid (AA) in the form of TG (AA at sn-2 position) or 
PC revealed that brain enrichment of AA was about 
2.1-fold higher for the PL form (Wijendran et  al. 2002). 
Preferential incorporation of PL-derived AA was also 
observed in the liver, lung, plasma and erythrocytes. In 
line with these observation is the study from Amate et  al. 
who revealed that AA and DHA levels in lipoproteins 
were significantly higher in piglets fed LC-PUFA in the 
form of PL than in piglets fed LC-PUFA in the form 
of TG (Amate, Gil, and Ramírez 2001). In preterm 
infants, Carnielli et  al. compared intestinal absorption 
of, amongst others, LC-PUFA-enriched formula-derived 
either from PL or TG and revealed that absorption of 
DHA and total n-3 LC-PUFA was higher from PL than 
from TG containing formula whereas absorption of AA 
and total n-6 LC-PUFA was not different between the 
two formula (Carnielli et  al. 1998). On the contrary, 
fatty acid composition of the main plasma lipid fractions 
was not affected by dietary LC-PUFA source (including 
egg-derived PL and single cell / fungi-derived TG) in 
full term infants (Sala-Vila et  al. 2004). Similarly, LC-
PUFA absorption into lymph was similar for PL or TG 
sources in rats although sn-positioning of DHA appeared 
to be different (Sehl et  al. 2019). Overall, some studies 
thus suggest that LC-PUFA absorption from PL may be 
different than that from TG sources although further 
human studies are required.

Although not classified as a PL or SL and not part of 
the chemical structure, dairy-derived polar lipid preparations 
contain cholesterol, as cholesterol is an integral part of the 
MFGM structure (Figure 1). Relative to infant formula 
(especially those containing non-bovine milk lipid sources 
and formula without added milk polar lipids), human milk 
provides a high amount of cholesterol both in its free and 
esterified forms (Koletzko 2016; Barness 1994). Cholesterol 
is an essential building block for cellular membranes and 
animal studies suggest that dietary cholesterol influence 
brain cortical composition and behavior (Scholtz et  al. 2013). 
Furthermore, it serves as a precursor for synthesis of bile 

acids, lipoproteins, lipophilic vitamins, steroid hormones 
and oxysterols that modulate cholesterol, lipid and glucose 
homeostasis (Koletzko 2016; Cartocci et  al. 2017). Therefore, 
milk polar lipid preparations, in particular MFGM ingredi-
ents, have been considered as a source of cholesterol 
(reviewed in, amongst others, (L. Brink and Lönnerdal 
2020)). When added to infant formula, MFGM-enriched 
whey increased infant serum cholesterol concentrations 
thereby narrowing the gap as observed between standard 
infant formula-fed and breastfed infants (Niklas Timby, 
Lönnerdal, et  al. 2014).

3.4.2.  Gut physiology benefits of PL
Many studies discuss about the role of milk polar lipids 
along the gastrointestinal tract including effects on lipid 
digestion and absorption, cell proliferation and apoptosis, 
gut development and maturation and microbiome. In addi-
tion, this section discusses the digestion and absorption of 
milk polar lipids and cholesterol.

3.4.2.1.  Digestion and absorption of milk polar lipids 
and cholesterol. 
3.4.2.1.1.  Phospholipids PL digestion is thought to occur 
in two phases, including a pancreatic (coinciding with the 
lipolysis of triglycerides) and a luminal phase (reviewed 
in (Méndez-Sánchez et  al. 2019; Nilsson, Duan, and 
Ohlsson 2021)). Primary digestion of PL is mediated 
by pancreatic phospholipase A2 IB that hydrolyzes PL 
at the SN-2 position to form lyso-PL and free fatty 
acids. Pancreatic bile salt-stimulated lipase (although 
likely only active in the absence of bile salts and thus 
not primarily contributing to the hydrolyzes of dietary 
PL (Venuti et  al. 2017)) and pancreatic lipase-related 
protein 2 (Lowe 2000) have further been suggested 
to contribute to PL hydrolyzes. Following hydrolyzes 
by pancreatic enzymes, the jejuno-ileal brush-border 
phospholipase B (Pind and Kuksis 1991) and mucosal 
secreted phospholipase A2 X (Ortega-Anaya and Jiménez-
Flores 2019) and phospholipase A2 IIA (Herrera-Insua 
et  al. 2001) have been suggested to contribute to PL 
hydrolyzes at the mucosal interface. Individual difference 
among the PL groups may occur, e.g. pancreatic lipase 
related protein 2 might be more important for PE 
hydrolyzes because of its higher affinity for PE (reviewed 
in (Herrera-Insua et  al. 2001)). Furthermore, fatty acid 
chain-length may determine hydrolysis efficiency of the 
different enzymes. Once absorbed, digestive products of 
PL can either be reutilized in the intestine for synthesis 
of PL for secretion in chyme and/or chylomicrons, used 
as signaling molecules or transported to the liver for 
hepatic PL synthesis (Ko et  al. 2020).

3.4.2.1.2.  Sphingolipids None of the discussed pancreatic 
enzymes that hydrolyze PL can hydrolyze SM. In the 
human body most SL are digested by brush border 
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sphingomyelinases, where the alkaline isoform, also 
termed NPP7, removes the phosphocholine group to 
form ceramide (Nilsson 1969). Ceramidases subsequently 
catalyze the formation of ceramide, free sphingoid bases, 
and free fatty acids from dietary SM (Nilsson and Duan 
2006). Human milk can further contribute to ceramide 
hydrolyzes by human milk bile-salt stimulated lipase 
which, however, did not reveal activity toward SM which 
thus appears to be hydrolyzed by an uncharacterized 
human milk acid sphingomyelinase (Nyberg et  al. 1998). 
Cerebrosides are degraded to ceramide and sphingosine 
bases by a brush-border lactase-phlorizin hydrolase, 
whereas the digestion and absorption of gangliosides 
is less well understood (Nilsson 2016). Similarly, the 
digestion and absorption of other minor SL is poorly 
understood.

After absorption in epithelial cells, most sphingoid bases 
are rapidly metabolized into palmitic acid, but a part is 
reincorporated into SL and, like ceramides, transported into 
the circulation through lymph. Compared with sphingosine, 
intact SM and ceramides are more slowly hydrolyzed and 
absorbed in lymph as molecular species of ceramide because 
the sequential breakdown to fatty acids and spingoid bases 
is slow and incomplete (Morifuji, Higashi, et  al. 2015). 
Interestingly, when consumed in the form of a milk phos-
pholipid concentrate, recovery of ceramide moieties in lymph 
from dietary SM was significantly higher as compared to 
its pure form illustrating a possible benefit of more complex 
milk polar lipid preparations (Morifuji, Higashi, et  al. 2015).

In humans, ileostomy experiments with diets containing 
purified milk-derived SM revealed that, although there was 
a large person-to-person variation, ∼80% of dietary 
milk-derived SM was digested and absorbed (Lena Ohlsson, 
Burling, et  al. 2010). The latter experiments thus suggest 
that most of the SM in the normal diet is digested and 
absorbed whereas gangliosides and their metabolites can be 
detected in the colon (also see section 3.2.3 Microbiome). 
With respect to gangliosides studies in healthy volunteers 
consuming a milk fat fraction over a 8 week period (43 mg 
ganglioside/d) plasma content of total GD3 increased by 
35% (Miklavcic et  al. 2017). These results are in line with 
previous studies in rats applying labeled GD3 (Reis et  al. 
2016) and in vitro bio-accessibility studies that demonstrate 
availability of gangliosides from breast milk, infant and 
follow-on formula (Lacomba et  al. 2011) although from the 
latter it is evident that the matrix may affect outcomes as 
bio-accessibility was not identical across all tested milks. 
Once absorbed into the circulation both GM3 and GD3 
species can be transferred across the placenta and may 
become available to the developing fetus as suggested from 
placenta transfer studies (Mitchell et  al. 2012).

3.4.2.1.3.  Cholesterol Cholesterol in the circulation results 
from dietary derived and endogenously synthesized 
cholesterol, where digestion and absorption of cholesterol 
has been the subject of recent elaborate reviews (e.g. (Ko 
et  al. 2020)). In the human diet, cholesterol mainly occurs 

in its free form although cholesterol from cholesterol-esters 
can be released by pancreatic cholesterol esterase (Iqbal 
and Hussain 2009). Once in its free form, cholesterol 
can be incorporated into bile acid mixed micelles in the 
intestine that facilitate luminal uptake through different 
transporters (Ko et  al. 2020). In enterocytes, cholesterol 
is loaded into chylomicrons or high-density lipoprotein 
particles and secreted into the circulation through the 
lymphatic system.

3.4.2.2.  Effects on lipid digestion and absorption.  Milk 
polar lipids are part of the MFGM that protect MFG 
against coalescence (Figure 1). As a result of milk 
processing the MFG size and composition changes 
which will impact TG digestion (Luo et  al. 2019). First, 
droplet size may affect overall TG hydrolysis because of 
differences in surface area, although lipolysis ability does 
not correspond linearly with surface area of fat droplets 
(Berton et al. 2012). Second, the interface of homogenized 
lipid globules is mainly covered by other surface-active 
molecules, predominantly milk proteins, which impact 
lipase activity. Whereas gastric lipase docking may be 
more efficient with protein stabilized emulsions resulting 
in an initial higher free fatty acid release during gastric 
digestion, overall TG hydrolysis under gastric conditions 
is higher with milk polar lipids stabilized emulsion which 
has been demonstrated by several studies applying different 
conditions, predominantly in vitro (Berton et  al. 2012; 
Cheong et  al. 2018; Liang et  al. 2018; Luo et  al. 2019; 
Garcia et  al. 2014; L. Liu et  al. 2021; Smoczyński and 
Kiełczewska 2014; Weng et  al. 2021). In vivo, comparing 
breastmilk vs formula, human milk displayed an overall 
higher gastric lipolysis as compared to infant formula 
which, at least to a certain extent, may be caused by 
difference in MFG surface differences (Armand et  al. 
1996). In vivo, an infant formula containing large fat 
droplets coated with PL resulted in a different exhaled 
volatile organic compounds compared to a control infant 
formula mainly containing protein stabilized fat droplets, 
illustrating a possible digestive and metabolic impact of 
lipid droplet size and interface composition (Smolinska 
et  al. 2019). Interestingly, the work from Lecomte et  al. 
reveals that emulsions stabilized with milk PL rather 
than soybean PL may enhance lipid intestinal lipolysis 
and promote a more rapid intestinal lipid absorption 
and sharper kinetics of lipemia (Lecomte et  al. 2015). 
More recent work further confirms these observation by 
demonstrating that emulsions containing bovine milk-
derived polar lipids (MFGM enriched whey) relative to 
soy-derived PL increase postprandial TG absorption in 
newborn formula-fed pigs (Bach Korsholm Knudsen et  al. 
2021). When fed for 19 days to preterm piglets, these 
emulsions containing milk polar lipids resulted in altered 
plasma lipidome and hippocampal tissue diffusivity 
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relative to emulsion containing soy-derived PL but had 
limited effects on other absorptive and learning abilities 
of preterm piglets (Henriksen et  al. 2021).

Another mechanism through which dietary PL may affect 
lipid digestion and absorption is by altering biliary lipid 
composition which in turn full-fill a crucial role in lipid 
digestion and absorption (Devlin and Innis 1999).

Gangliosides may also possess the capacity to enhance 
lipid absorption as demonstrated in weaning rats fed 
ganglioside-enriched diets (Birecki et  al. 2006). Although PL 
concentrations also differed between the diets and the mech-
anism of action remains to be elucidated, the 
ganglioside-enriched diets enhanced ex-vivo LC-PUFA uptake 
in both jejunal and ileal tissue isolates. In total these results 
demonstrate that both the size and the composition of the 
fat globule interface and the presence of MFGM affect lipid 
digestion and absorption with potential functional outcomes.

3.4.2.3  Cell proliferation and apoptosis.  Although 
predominantly studied in vitro and far from medical 
application but of interest for potential anticarcinogenic 
activity, antiproliferative effects and apoptosis induction 
of milk-derived phospholipids has been investigated in 
several studies.

Castro-Gomez et  al. isolated neutral and polar lipid frac-
tions from buttermilk rich in PL and SL and demonstrated 
antiproliferative activity against human ovary and colon 
cancer cells in vitro (Castro-Gómez et  al. 2016). Zanabria 
et  al. demonstrated that MFGM isolated from raw milk 
displayed antiproliferative activity and induced apoptosis in 
a colon cancer cell line (HT-29 cells) (Zanabria et  al. 2013). 
Mechanistic insights were given by Kuchta-Noctor et  al. 
who demonstrate that a buttermilk-derived polar lipid frac-
tion rich in SM and lactosylceramide induced 
caspase-independent cell death by a mechanism including 
downregulation of growth-signaling pathways mediated by 
β-catenin, phosphorylated Akt ERK1/2 and c-myc 
(Kuchta-Noctor et  al. 2016). Antiproliferative activity of 
freshly isolated MFGM was sensitive to heat treatment, 
hydrolysis and/or phospholipase A2 treatment (Zanabria, 
Griffiths, and Corredig 2020), illustrating that processing 
may affect MFGM functionality and that overall antiprolif-
erative activity cannot be explained by a single bioactive 
component. In addition, these results may also suggest that 
structural organization of the MFGM affects antiproliferative 
activity. Pulsed electric field processing, however preserved 
antiproliferative activity of MFGM relative to conventional 
heating procedures (S. Xu et  al. 2015). The antiproliferative 
effect appears to be conserved to the MFGM fraction of 
more species, including goat and buffalo, as MFGM prepa-
rations of these species have revealed anti-proliferative 
effects on HT-29 cells and induced apoptosis in addition to 
bovine milk-derived MFGM (Ji et  al. 2019) All treatments 
reduced mitochondrial membrane potential and induced 
apoptosis markers although goat appeared to be most effec-
tive. Thus, milk-derived polar lipids, mainly tested as 
MFGM, may affect cell proliferation and apoptosis in vitro 

and results and relevance for human health remain to be 
established in in vivo models and human studies.

3.4.2.4  Gut development and maturation.  The interplay 
between nutrition, the gut microbiota, and its large 
number of metabolic and immune mediators plays an 
essential role in the development of gut homeostasis in 
early life as well as maintaining homeostasis later in 
life (Jain and Walker 2015). The human digestive tract 
is structurally mature at birth, yet maturation of gut 
functions such as digestion, mucosal barrier and signaling 
functions continues for the next 1–2 years. Although it 
has been demonstrated that these transitions can, to a 
certain extent, occur in the absence of stimulatory factors 
including dietary, hormonal or microbiome factors, 
the rate of gut development and maturation may be 
modulated. In artificially reared rats, which is considered 
as a model for gut maturation in the suckling infant, 
milk enriched with purified milk-derived SM accelerated 
enzymatic and morphological maturation of the intestine 
as compared to milk enriched with purified milk-derived 
PC (Motouri et  al. 2003). In rat pups MFGM-enriched 
whey promoted intestinal proliferation and differentiation 
and increased tight junction protein expression (Gong 
et  al. 2020). That milk polar lipids can effect gut 
permeability also became evident from work with an 
obesity animal model where gangliosides (given as a 
ganglioside concentrate containing 0.3% GM3 and 1.4% 
GD3 and formulated at 0.2 g gangliosides/kg diet,) and 
PL (given as a PL concentrate containing 3% PS, 31%PC, 
8.7% PE and 16.5% SM and formulated at 10 g PL/kg 
diet) modulated tight junction expression (A. L. Zhou and 
Ward 2019). In vitro, purified milk-derived SM stimulated 
tight junction expression, possibly through increasing 
IL-8 expression and secretion whereas a whole milk 
polar lipid preparation (PL concentrate from buttermilk, 
containing >78% PL) did not show this activity (Marine 
Milard, Laugerette, et  al. 2019). In vivo, SM increased 
expression of the murine IL-8 homologs Cxcl1 and Cxcl2 
in the ileum whereas this stimulatory activity was not 
observed with the whole milk polar lipid preparation. 
Besides effects on permeability, dietary gangliosides (given 
as an ganglioside-enriched preparation containing 80% 
GD3, 9% GD1b and 5% GD3 and formulated at 0.02 % 
w/w of the total diet) were also demonstrated to enhance 
jejunal glucose uptake in weanling rats without effects on 
overall weight gain (Drozdowski et  al. 2007). Although 
expression of major glucose transporters did not appear 
to explain observed maturation effects, it was suggested 
that stimulation of glucose uptake by gangliosides may 
be regulated posttranslational. In total, several studies 
thus demonstrate that milk polar lipids may affect gut 
development & maturation though different mechanisms.
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3.4.2.5  Microbiota.  Several studies have revealed that 
polar lipids can affect microbiome. In vitro experiments 
with MFGM preparations of different species suggested 
that main effects of MFGM on the intestinal piglet 
microbial population appears to occur in the ileum 
(Thum et  al. 2020). In rat pups Gong et  al. revealed 
that diets supplemented with MFGM-enriched whey 
restored a decreased intestinal mucosal barrier and 
microbiome alterations as observed when comparing 
formula vs maternal milk fed groups (Gong et  al. 2020). 
In preterm infants, feeding a ganglioside-enriched formula 
(containing a ganglioside preparation from porcine brain) 
decreased fecal E. coli already at 7 days postnatal and 
increased fecal Bifidobacteria at day 30 postnatally (R. 
Rueda et  al. 1998). Other studies also reveal a more 
indirect role of phospholipids on microbiome through 
effects on lipid emulsification and digestion (as discussed 
in section 3.2.2.) suggesting that both fat-type and 
emulsifiers in infant formula may have distinct effects 
on the development of the microbiome in formula-
fed infants (Nejrup, Licht, and Hellgren 2017). With 
respect to fecal metabolites, human milk cohort studies 
associated, amongst others, breastmilk phospholipid with 
fecal short-chain fatty acids when comparing high and 
normal weight gain infants (Pekmez et  al. 2020).

Besides effects on the intestinal microbiome, microbiota 
in the oral cavity of infants can also be affected by 
polar-lipids/MFGM which became evident from a study that 
revealed the oral microbiome in infants, which were fed an 
formula containing MFGM-enriched whey, differed from 
that of infants fed a non-enriched formula (Timby et  al. 
2017). As compared to differences in oral microbiota 
between breast and formula fed infants effects of 
MFGM-enriched whey were only small. However, the 
reduced incidence of otitis media in the MFGM-supplemented 
group illustrate the potential clinical significance of these 
small changes.

Bifidobacteria possess the capacity to degrade sialylated 
glycoconjugates, thus suggesting that glycolipids including 
gangliosides may affect microbiome (Kiyohara et  al. 2011). 
B. infantis and B. bifidum substantially degraded GM3 and 
GD3 from bovine milk purified gangliosides in vitro, 
whereas B. longum subsp. longum and B. animals subsp. 
lactis only displayed moderate degradation (Lee et  al. 2014). 
To a certain extent glycosphingolipids are also secreted in 
feces as demonstrated by a study that investigated differences 
between breastfed and formula fed infants over time (Larson 
et  al. 1990). Thus, although different microbiome species 
poses the capacity to ferment gangliosides, degradation by 
microbiome does not appear to be complete.

3.4.3.  Lipid metabolism
Milk-derived polar lipids have been demonstrated to affect 
lipid metabolism with possible relevance for the cardiovas-
cular system, obesity, and obesity-associated complications. 
Clinically, butterserum derived PL (beverages formulated to 

deliver 975 mg SL/portion) affected postprandial lipid con-
centrations after consumption of an high fat breakfast in 
healthy adults males and as compared to a control drink 
containing egg PL (containing 119 mg SL/portion)  
(L. Ohlsson, Burling, et  al. 2010). In this single intervention 
postprandial study, no differences were observed in post-
prandial TG, insulin, apolipoprotein (Apo)A1 or ApoB, 
however results suggested a lowered postprandial concen-
tration of cholesterol in large TG-rich lipoproteins. When 
given over a 4-week period non-fractionated buttermilk 
displayed more pronounced effects in healthy adults when 
supplemented in the diet (Conway et  al. 2013). In this study 
consumption of buttermilk over a 4-week period led to 
reduced serum cholesterol and TG levels. Similarly, butter-
milk decreased an observed increase in serum total choles-
terol and LDL-cholesterol as induced by increased egg 
consumption in healthy volunteers (Baumgartner et  al. 
2013). In overweight postmenopausal women, milk polar 
lipids derived from buttermilk (formulated in cream cheeses 
at 0, 3 and 5 g PL and given over a 4 week period) reduced 
fasting and postprandial plasma concentrations of choles-
terol, total and high density lipoprotein-cholesterol and 
ApoB/ApoA1 ratios (Vors et  al. 2020). PL appeared to 
decrease cholesterol uptake, which was evident from an 
increased fecal output of the intestinal cholesterol metabolite 
coprostanol, although no effects on major bacterial popu-
lations could be identified in fecal microbiome analyses. In 
a more acute setting, ingestion of milk PL in ileostomy 
patients further showed that milk PL decreased cholesterol 
absorption and increased ileal efflux of cholesterol 
co-excreted with SM (Vors et  al. 2020). Later, the investi-
gators also reported that the interventions reduced serum 
and chylomicron ceramide and SM species which was par-
alleled by a marked increase in fecal ceramide (Le Barz 
et  al. 2021). Milk polar lipids thus decreased atherogenic 
SM and ceramide species and associated with the improve-
ment of cardiovascular risk markers, thereby suggesting that 
sphingolipid metabolism in the gut contributes to the ben-
eficial effects of milk polar lipids on lipid metabolism.

In another study, MFGM was demonstrated to modulate 
plasma lipoproteins, blood cell gene expression and choles-
terol metabolism in healthy adults (Rosqvist et  al. 2015). In 
this study interventions including either PL-rich milk fat 
given as whipping cream (normally having relative high 
level of PL and MFGM), or milk fat depleted of PL given 
as butter oil (∼15-fold lower PL content) were given over 
an 8-week intervention period. Control diets increased 
plasma lipids (including total cholesterol, LDL-cholesterol, 
non-HDL cholesterol and ApoB/ApoA1 ratio) whereas the 
MFGM-enriched diet did not. HDL-cholesterol, triglycerides, 
sitosterol, lathosterol, campesterol, and proprotein convertase 
subtilisin/kexin type 9 plasma concentrations and fatty acid 
compositions did not differ between groups. Mechanistically, 
gene expression profiles in peripheral blood mononuclear 
cells were also affected although overall meaning of these 
observations remain to be identified. In overweight or obese 
men, butterserum-derived PL relative to milk fat control 
reduced waist circumference and relative to milk fat or 
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soy-derived PL decreased activity of γ-glutamyl transferase, 
a marker of fatty liver (Weiland et  al. 2016). In another 
study with healthy adults, a formulation enriched with a 
buttermilk preparation did not influence fasting plasma lipid 
or lipoprotein levels compared to a control intervention with 
an approximate 2–3 times lower milk SL content (Lena 
Ohlsson, Burling, and Nilsson 2009). However, in the control 
group TG, cholesterol, LDL, HDL and Apo B concentrations 
increased over the 4-week study period which was not 
observed in the milk polar lipid intervention group. In con-
clusion, several studies applying different preparations 
demonstrate that milk polar lipids affect lipid metabolism 
in healthy and overweight individuals. Although some con-
flicting results have been reported, milk PL may affect sur-
rogate markers of cardiovascular disease especially in 
overweight and obese adult subjects.

In infants, a formula containing MFGM-enriched whey 
resulted in overall higher total serum cholesterol than in 
infants fed a standard formula (generally depleted of cho-
lesterol), gradually (over a 6 m period) reaching levels as 
observed in the breastfed reference group (Niklas Timby, 
Lönnerdal, et  al. 2014). LDL to HDL ratios did not differ 
between formula interventions but were lower than the 
breastfed reference group. Studies in infants have thus mostly 
discussed a benefit of MFGM, delivering cholesterol, thereby 
narrowing the gap in serum lipid status between breastfed 
and formula fed infants.

Animal studies further provided insights in the effects 
of milk polar lipids. In mice fed a high-fat diet, a total lipid 
extract from buttermilk (containing 25% SM and formulated 
at 1.1 or 1.6% w/w) prevented body weight gain and mod-
ulated gut physiology as illustrated by altered colonic crypt 
depth and microbiome changes (M Milard, Laugerette, et  al. 
2019). In a similar setting, a milk-derived PL concentrate 
(containing 60% PL and 40% TG, formulated to deliver 1.2 
% w/w PL in chow), unlike soy-derived PL in the same 
concentration, decreased high-fat feeding induced expression 
of inflammatory markers in white adipose tissue which coin-
cided with an increased number of goblet cells in the colon 
(Lecomte et  al. 2016). Functionally, effects on gut permea-
bility and systemic inflammation have also been reported 
in high-fat fed mice (A. L. Zhou and Ward 2019). In another 
study employing high-fat diet fed mice, milk PL (formulated 
at 1.2% w/w PL and supplied by either a milk PL concen-
trate containing 42% PL or a concentrate containing 60% 
PL) reduced hepatic accumulation of intestinal cholesterol 
and increased fecal cholesterol excretion (Kamili et  al. 2010). 
Similarly, a milk PL-enriched dairy fraction (∼50 % w/w 
PL) reduced hepatomegaly, hepatic steatosis and hyperlip-
idemia in high-fat fed mice (Wat et  al. 2009). Furthermore, 
MFGM supplementation to anhydrous milk fat resulted in 
reduced levels of hepatic TG as compared to mice fed AMF 
without added PL (Albert L. Zhou et  al. 2012). PL and SL 
may act differently on hepatic lipogenesis as demonstrated 
in a study where further fractionation of milk polar lipids 
was employed (Reis et  al. 2013). The fact that total milk 
polar lipid preparations were effective in this and other 
high-fat diet studies thus suggests that different milk polar 
lipids may act in synergy.

In another obesity animal model, HDL receptor knockout 
mice fed a high fat and added-cholesterol diet, milk PL 
(buttermilk) strongly reduced atherogenic lipoprotein cho-
lesterol, modulated microbiota, lowered inflammation and 
attenuated atherosclerosis development (Millar et  al. 2020) 
further illustrating potential effects of milk PL on the car-
diovascular system.

Milk SM appears to be an important factor in the 
observed effects given results with purified milk-derived SM 
and lack of effects of soy-derived PL in some of these mod-
els. Purified SM resulted in an increased fecal lipid output 
paralleled with decreased serum and liver cholesterol levels 
in obese/diabetic KK-A(y) mice (Yamauchi et  al. 2016). In 
another study purified milk-derived SM reduced weight gain 
and improved lipid metabolism in mice fed a high-fat diet 
which was accompanied by an altered microbiome, predom-
inantly reduced Gram-negative bacteria and increased 
Bifidobacterium (G. H. Norris et  al. 2016). On the contrary, 
purified egg-derived SM did not show these improvements. 
The latter is in line with other mice studies demonstrating 
that milk-derived PL are more effective than egg PL in 
inhibiting cholesterol absorption (Noh and Koo 2004; 
Eckhardt et  al. 2002). Thus, although containing SM, egg 
PL may be less effective than dairy derived PL to prevent 
obesity associated complications and impact lipid metabolism.

More complex PL structures as PL-coated lipid globules 
(S Gallier et  al. 2015) have also been suggested to display 
similar activities, mostly in an early life nutritional program-
ming setting. In these studies early life feeding of mice with 
large PL-coated lipid globules lowered body weight and fat 
mass later in life when challenged with a high-fat diet (Onne 
A.H.O. Ronda et  al. 2019; Oosting et  al. 2012; Oosting et  al. 
2014; Baars et  al. 2016) At least to a certain extend these 
nutritional programming activity are caused by effects on 
post-absorptive trafficking of lipids as illustrated by reduced 
levels of TG in tissues (Onne A.H.O. Ronda, van de Heijning, 
et al. 2020) and altered hepatic fatty acid metabolism(O.A.H.O. 
Ronda, van de Heijning, et  al. 2020).

In a maternal nutrition setting, supplementation of 
buttermilk-derived polar lipids in high-fat diet-fed rats 
during pregnancy and lactation improved body composition 
outcomes including a reduced white adipose tissue and body 
weight in off-spring (T. Li, Li, et  al. 2020). Pups furthermore 
showed an increased adipose thermogenic function and 
improved plasma insulin and triglyceride levels. When sup-
plemented exclusively to pups, MFGM also ameliorated 
metabolic disorder and improved glucose tolerance in off-
spring of high-fat fed mice (L. Ye et  al. 2021). The results 
from these studies collectively suggest that milk polar lipids 
may ameliorate maternal obesity associated deleterious 
effects on the metabolism of their offspring either through 
the maternal or diet of the offspring.

In summary, both human intervention and animal studies 
suggest a role for milk polar lipids in controlling lipid 
metabolism with an overall favorable impact on the cardio-
vascular system and obesity associated complications.
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3.4.4.  Brain
Development of the brain during infant and early childhood 
is characterized by a rapid period of growth that coincides 
with the development of cognitive, behavioral, and 
social-emotional functions (Kadosh et  al. 2021). During this 
period of development, underlying neuronal processes that 
include myelination, dendritic arborization and synaptogen-
esis and synaptic pruning can be affected by dietary factors 
which illustrates that nutrition may impact cognitive out-
comes. Among the dietary factors affecting cognitive out-
comes are polar lipids, as reviewed previously (for example 
(S. Gallier, MacGibbon, and McJarrow 2018)). The role of 
polar lipids is amongst others evident from observational 
cohort studies comparing breastfed or breastfed and formula 
fed infants. Children that received exclusive breastfeeding 
for at least 3 months had higher levels of overall myelination 
which was accompanied by increased general, verbal and 
non-verbal cognitive abilities as compared to exclusively 
formula fed infants (Deoni et  al. 2018). In this study sig-
nificant associations were found between formula composi-
tion (including PC and SM) and myelination trajectories. 
In another association study from the same investigators, 
early life dietary SM was also found to correlate to later 
cognitive development and levels of myelination in neuro-
typical children (Schneider et  al. 2019). Further in vitro 
experiments in this study with rat derived oligodendrocyte 
precursor cells and coculture with primary neurons, revealed 
that SM treatment (bovine brain derived, applied as a lipo-
some preparation containing PC and SM in a 3:1 ratio) 
resulted in increased proliferation, maturation, and differ-
entiation of oligodendrocyte precursor cells as well as axon 
myelination.

Clinical intervention studies in infants related to brain 
benefits of polar lipids are mostly performed using MFGM 
preparations as the source. Most recently in combination 
with lactoferrin, MFGM (MFGM-enriched whey) was 
demonstrated to contribute to improved neurodevelopmental 
outcomes as assessed through the Bayley Scales of Infant 
Development (F. Li et  al. 2019). This is in line with out-
comes of another study that assessed effectivity of a 
low-energy, low-protein formula supplemented with 
MFGM-enriched whey where comparable neurodevelopmen-
tal outcomes were demonstrated (Niklas Timby, Domellöf, 
et  al. 2014). Interestingly, further studies that focused on 
associated mechanisms in this study, reported effects of the 
intervention on oral microbiota (Timby et  al. 2017) (see 
section gut physiology) and infections (Timby et  al. 2015) 
(predominantly related to the immune outcomes, see section 
Immune), cardiovascular risk factors (see section 
Cardiovascular) (Niklas Timby, Lönnerdal, et  al. 2014) and 
serum, plasma and erythrocyte membrane lipidome (Grip 
et  al. 2018). Most recently, a follow-up analyses at 6–6.5 years 
of age revealed that neurodevelopment, growth, or plasma 
cholesterol status were no longer different between children 
fed the experimental or control formula during infancy (N. 
Timby et  al. 2021). Work from Gurnida et  al. showed that, 
compared to a non-enriched infant formula, a formula 
enriched with a complex milk lipid preparation containing 
gangliosides (formulated to enrich formula to a level of 

2–3 mg/100 g GD3) improved hand and eye coordination, 
performance IQ and general IQ in 6-month old infants as 
assessed using the Griffith scale (Gurnida et  al. 2012). 
Improved cognitive performance was accompanied by an 
increased concentration of serum gangliosides, both not 
significantly different from breast-fed infants. Results of the 
COGNIS study that tested an experimental formula con-
taining MFGM, LC-PUFA, pre- and pro-biotics, gangliosides, 
nucleotides and sialic acid revealed that infant neurodevel-
opment as assessed by general movement tests was not 
different from infants fed with a standard formula or breast-
milk (Nieto-Ruiz et  al. 2019). Visual function as assessed 
by cortical visual evoked potentials differed between formula 
and breast-fed references and some beneficial effects of the 
experimental formula could be observed. Re-assessment at 
2.5 y of age of these infants revealed that infants fed the 
experimental formula had fewer behavioral problems up to 
2.5 y as assessed using the Child Behavior Checklist at 18 m 
and 2.5 y (A. Nieto-Ruiz et  al. 2020). However, given the 
many differences between the experimental and the standard 
formula in this study it is difficult to conclude about the 
effects of milk polar lipids specifically. In healthy children 
(2.5–6 years old), MFGM-enriched whey (specified to have 
∼9-fold higher PL levels than normal whey) decreased febrile 
episodes and improved behavioral outcomes as assessed 
using a validated questionnaire to assess behavior in 1.5- to 
5-y-old children or the Achenbach System of Empirically 
Based Assessment (ASEBA), for the older children 
(Veereman-Wauters et  al. 2012). Premature and very low 
birth-weight infants fed SM-fortified milk (SM 20% of total 
PL, milk-derived) compared to infants fed control milk (SM 
13% of total PL, egg yolk lecithin) had improved neurobe-
havioral development as assessed by WP, Fagan, BSID-II 
attention and memory tests which was accompanied by 
increased plasma SM content (Tanaka et  al. 2013). Several 
interventions with milk poler lipid preparations thus suggest 
a benefit of milk polar lipids for infant brain development.

With respect to maternal supplementation of complex 
milk lipids during pregnancy, effects on infant cognitive 
outcomes are currently explored (beta-serum derived, for-
mulated in a maternal milk product supplying 8 mg gangli-
osides per day) (Huang et  al. 2017). Initial results report 
about effects on maternal plasma ganglioside levels (Albert 
et  al. 2021) and reveal that maternal MFGM supplementa-
tion during pregnancy is safe (T. Norris et  al. 2019). 
However, to date no functional data about effects of mater-
nal supplementation on infant’s cognitive performance have 
been reported.

In adults, a milk PL concentrate on a protein carrier 
(19% PL; 5% SM, 5% PC, 4% PE, 2.3% PS given as an 
enriched milk supplying 13.5 g PL per day) tended to 
shorten the reaction times in working memory tasks and 
positively affected stress as assessed through the Trier Social 
Stress Test (Hellhammer et  al. 2010). Similarly, bovine 
milk-derived PL (as TG reduced cream powder enriched 
milk containing 0.5 or 1% PL supplying ∼1.25 and 2.5 g PL/
day, respectively) attenuated stress-induced memory impair-
ments in chronically stressed men as assessed by the Trier 
Social Stress Test (Schubert et  al. 2011). Attenuated 
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stress-responses were accompanied by an increased avail-
ability of cortisol. In another study bovine milk-derived PL 
(PL-enriched milk protein concentrate in water-based bev-
erage supplying 2.7 g PL per day) improved cognitive per-
formance in high perfectionist men under conditions of 
psychological stress, but failed to affect salivary cortisol 
stress responses (Boyle et  al. 2019).

Animal studies provide further mechanistic insights in 
the role of polar lipids in brain development and cognitive 
performance. Although similar as with the human inter-
vention studies, more complex polar lipid preparations like 
MFGM-enriched whey and cream serum-derived ingredi-
ents have been tested, a selection of studies also tested 
individual phospholipids. One particular study fed human 
milk to rats to investigate formula vs breastmilk differences 
and revealed differences in the brain SM class of lipids as 
assessed through lipidomics (Su et  al. 2019). With respect 
to purified phospholipids, dietary SM (buttermilk-derived, 
> 90% purity) increased brain myelin and cerebroside con-
tent which was accompanied by morphological changes in 
developing rats challenged with L-cycloserine (inhibitor 
for the rate limiting enzyme for sphingolipid biosynthesize) 
(Oshida et  al. 2003). In another study, rats fed a diet 
including prebiotics (GOS-PDX), lactoferrin and MFGM 
(MFGM-enriched whey protein concentrate) altered gene 
expression in neural circuits underlying emotion regulation 
and reduced anxiety-related behavior in open field tests 
(Mika et  al. 2018). As the intervention included multiple 
active ingredients which were not present in the control, 
the specific role of MFGM thus remains to be identified. 
Another study in growing rats fed with a complex milk 
lipid preparation rich in PL and gangliosides (80% lipids 
of which 5.9% gangliosides, 50.6% PL and 23.5% neutral 
lipids) demonstrated improved learning behavior as illus-
trated by improved parameters related to novelty recogni-
tion and spatial memory (Vickers et  al. 2009). Work from 
the same investigators also demonstrated that long-term 
supplementation of complex milk lipids (cream serum con-
centrate containing 13.7% PL and 0.63% gangliosides) 
during post-natal development improved memory in rats 
as illustrated by latency effects in Morris water maze, 
dark-light boxes and elevated plus maze tests and changes 
in expression of dopamine and glutamate neurotransmis-
sion pathways (Jian Guan, MacGibbon, et  al. 2015). 
Similarly, a complex milk lipid preparation (containing 
60% PL and 2% gangliosides) improved the memory of 
older (24 months) rats as assessed by Morris water maze 
tests (J. Guan, MacGibbon, et  al. 2015). Functional 
improvement coincided with improved vascular density, 
dopamine output and neuroplasticity. Work from another 
group in aged rats revealed an improved contextual fear 
conditioning of rats fed an MFGM preparation (buttermilk 
concentrate), although other behavioral parameters were 
non-significant (García-Serrano et  al. 2020). In the rat 
“pup in a cup” model postnatal supplementation of a for-
mula containing MFGM-enriched whey promoted reflex 
development as compared to an non-enriched formula 
which was accompanied by differences in brain PL and 
metabolite composition (Moukarzel et  al. 2018). Another 

preparation of PL in the form of large PL-coated lipid 
droplets has also been demonstrated to affect cognitive 
behavior in mice (Schipper et  al. 2016). In this study, mice 
fed an enriched formula containing the PL-coated lipids 
displayed an improvement in short-term memory tasks 
(T-maze & novel object recognition) as compared to mice 
fed a formula containing a standard lipid source. In piglets, 
early supplementation of PL and gangliosides affected brain 
and cognitive development in neonatal piglets as illustrated 
by morphometric changes and effects on spatial T-maze 
tasks as compared to control animals (H. Liu et  al. 2014). 
Work from the same group further studied neurodevelop-
ment in MFGM-enriched whey fed piglets but failed to 
demonstrate significant differences as compared to the 
control group (Fil et  al. 2019). Previously however, in the 
combination with prebiotics and lactoferrin, MFGM-enriched 
whey was demonstrated to affect structural neurodevelop-
ment in the same piglet model (Mudd et  al. 2016). Overall, 
a diverse range of milk polar lipid preparations have thus 
been demonstrated to affect cognitive outcomes in different 
animal models.

In animal models, maternal supplementation of milk 
polar lipid preparations has also been tested. In rats, mater-
nal supplementation with a complex milk lipid preparation 
rich in PL and gangliosides (cream serum-derived, given at 
a ganglioside concentration of 0.01 and 0.05% w/w relative 
to measured food intake) during pregnancy and lactation 
resulted in higher neonatal brain weight and a changed 
neonatal brain lipid composition at birth (p2) (Gustavsson 
et  al. 2010). However, effects on neonatal cognitive function 
could not be demonstrated as studied by water maze, object 
recognition and operant learning tasks and effects on brain 
composition where not observed anymore at weaning (p21). 
In an obesity setting, offspring born to obese (high-fat diet 
fed) rats displayed delayed neurological reflexes develop-
ment, impaired neurogenesis before weaning and cognitive 
impairment in adulthood (high-fat diet feeding included 
after weaning) which were recovered by maternal MFGM 
PL supplementation (buttermilk-derived and given at 400 mg/
kg body weight) (Yuan et  al. 2021). In summary, results 
with maternal supplementation of milk polar lipids in animal 
models thus mainly suggest that offspring may be better 
protected against maternal obesity induced cognitive 
impairment.

Surprisingly few in vitro mechanistic studies have studied 
the role of milk polar lipid preparations on brain and cog-
nitive health in cell culture systems, likely related to the 
lack of relevant cell culture models and the complex inter-
play between diet and brain in vivo. One particular study 
revealed that milk PL protect mouse-derived neuroblastoma 
Neur2a cells from endoplasmic reticulum stress induced cell 
death of possible relevance with respect to neurogenerative 
diseases (Nagai 2012), although overall clinical relevance 
remains to be established.

3.4.5.  Endurance/physical performance
Effects of milk polar lipids on endurance, age-related 
frailty and physical performance has been studied 
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clinically in several studies. An MFGM preparation (con-
taining 33.3% PL) given as an oral supplement reduced 
frailty as assessed using Fried’s frailty phenotype in elderly 
women when given in combination with exercise and as 
compared to exercise with placebo intervention (milk 
powder containing 0.29% PL) alone or MFGM alone (Kim 
et  al. 2015). In healthy adults (31–48 years), MFGM 
(buttermilk-derived, containing 16.6% PL) supplementa-
tion combined with exercise improved skeletal muscle 
strength as compared to the exercise and placebo (whole 
milk powder, containing 0.29% PL) intervention group 
(Soga, Ota, and Shimotoyodome 2015). In healthy elderly 
subjects (60–73 years) MFGM supplementation (containing 
33.3% PL, 8.03% SM) together with mild exercise increased 
motor unit action potential conduction and improved 
muscle strength and physical performance as compared 
to placebo (containing 0.286% PL, 0.057% SM) interven-
tion with exercise (Minegishi et  al. 2016). Similarly 
home-based mild gymnastic exercise together with dietary 
MFGM (containing 16% PL) supplementation enhanced 
the effects of training as compared to a placebo (whole 
milk powder containing 0.32% PL) intervention (Yoshinaka 
et  al. 2018). Contrary, augmented effects of MFGM  
with exercise could not be confirmed in community- 
dwelling elderly with declined walking ability (Kim 
et  al. 2019).

Further mechanistic studies have been performed in ani-
mals. In mice, long term MFGM (containing 16.2% PL) 
intake combined with regular exercise improved endurance 
capacity in a dose-dependent manner via an increased lipid 
metabolism (Haramizu, Ota, et  al. 2014). SM was suggested 
as one of the important drivers of these effects as interven-
tions with purified SM (>98% pure) showed similar effects 
in this study. Also in mice, habitual exercise in combination 
with MFGM (containing 16.6% PL) attenuated age-related 
decline in muscle mass and contractile force (Haramizu, 
Mori, et  al. 2014). Gene expression analyses and further in 
vitro analyses in this study showed that MFGM stimulated 
neuromuscular development and that PL and SL contribute 
to the effect. Later, a study in growing rats revealed that 
supplementation of different milk polar lipid preparations 
stimulated neuromuscular development independent from 
caloric value and an exercise stimulus (Markworth et  al. 
2017). In this study interventions were matched on gangli-
oside levels. Interestingly, both a beta-serum concentrate 
(containing 13.7% PL and 0.63% GD3) and a polar 
lipid-enriched complex milk lipid concentrate lacking MFGM 
proteins (71.7% PL and 1.8% GD3) proved effective, whereas 
effects where not different from control when given a com-
plex milk lipid mixture (containing 45.2% PL and 4.8% 
GD3). Similarly, voluntary running exercise combined with 
supplementation of buttermilk-derived MFGM (containing 
20.4% PL) attenuated age-related motor dysfunction in mice 
by suppressing neuromuscular junction abnormalities (Yano 
et  al. 2017). Although further human intervention studies 
are required, milk polar lipids may thus impact endurance, 
age-related frailty, and physical performance, most likely 
through effects on neuromuscular junctions and when com-
bined with exercise.

3.4.6.  Immune
Immune modulatory activity, including anti-infective and 
anti-inflammatory activity, of milk polar lipids are well 
known and have been studied in different settings including 
human, animal and in vitro studies.

With respect to infection outcomes in adults, a milk polar 
lipid preparation containing 16% PL improved resistance to 
diarrheagenic E. coli as demonstrated in a challenge study 
with an attenuated diarrheagenic E. coli strain (Ten 
Bruggencate et  al. 2016). Another ongoing study in adults 
studies assesses the effect of MFGM (as an milk beverage 
containing an PL-enriched lipid source, roughly 10x higher 
in PL than ordinary full-fat milk) on metabolic endotoxemia 
in adults with metabolic syndrome (Quarles et  al. 2020). At 
the time of writing of this review results were however not 
yet available.

In 0–6 months old infants, an MFGM-enriched formula 
(containing MFGM-enriched whey) reduced the risk of acute 
otitis media and decreased overall antipyretic use to levels 
similar as observed in breastfed infants (Timby et  al. 2015). 
Besides effects on pediatric upper respiratory infections, the 
overall immune modulatory effects of MFGM in this study 
was further illustrated by reduced serum IgG concentrations 
against pneumococcal serotypes 1, 5 and 14 after a first 
vaccination. In another ex vivo study, pre-exposure of 
non-inflamed bowel sections from infants that underwent 
surgery with bovine milk-derived gangliosides reduced bowel 
necrosis and proinflammatory signals upon challenges of 
the tissue with LPS and hypoxia (Schnabl et  al. 2009) 
thereby further illustrating immunomodulatory activity of 
milk polar lipids. In children, the number of days with fever 
and the number of short febrile periods were decreased in 
children fed MFGM (given as enriched chocolate milk con-
taining 500 mg PL through a 2.5% addition of MFGM-enriched 
whey and compared to non-enriched chocolate milk) 
(Veereman-Wauters et  al. 2012). Other infectious/immune 
related outcomes including diarrhea, constipation, cough, 
doctor visit and days of school absence were similar. With 
respect to gastrointestinal infections in infants, Poppitt et  al. 
studied the effect of a high-ganglioside complex milk lipid 
preparation on rotavirus infection and diarrhea in 
8–24 months old infants (Poppitt et  al. 2014). Despite an 
unseasonably low prevalence of diarrhea and rotavirus infec-
tion in the study group, mean duration of diarrhea was 
lower in the complex milk lipid intervention group. 
Assessment of overall efficacy of the intervention was how-
ever hampered because only a few end-of-trial samples were 
identified as rotavirus positive. In 6–11 months old infants, 
MFGM (given as an MFGM-enriched whey protein concen-
trate as complementary food and with normal skim milk 
proteins as control) reduced prevalence of diarrhea and 
bloody diarrhea (Zavaleta et  al. 2011). Furthermore, in the 
combination with lactoferrin, a formula enriched with 
MFGM (through incorporation of an MFGM-enriched  
whey protein concentrate) reduced diarrhea and 
respiratory-associated adverse events (F. Li et  al. 2019). Thus, 
in conclusion, intervention studies in infants, children and 
adults demonstrate a beneficial effect for milk polar lipids 
against infections or infection-associated complications.
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A range of animal studies further support immune activ-
ity of different milk polar lipid preparations. In a mice LPS 
challenge model, MFGM (anhydrous milk fat with 10% 
MFGM) protected against LPS induced gastrointestinal leak-
iness which was accompanied by lower levels of serum 
cytokines (Snow et  al. 2011). Similar observations came 
from a mouse study with LPS-challenged pups where MFGM 
increased growth, alleviated inflammation and increased 
tight junction protein and mucin expression in LPS-challenged 
pups (Huang et  al. 2019). In a rat Listeria challenge model, 
buttermilk reduced the colonization and translocation of L. 
monocytogenes which, at least to certain extent, could be 
explained by inhibiting the adherence of L. monocytogenes 
to the intestinal mucosa as supported by in vitro experi-
ments using cell lines (Sprong et  al. 2012). A 
gangliosides-enriched preparation (containing 45–50 %w/w 
PL and 15–20 %w/w gangliosides) reduced Gardia muris 
parasite infection in inoculated mice as illustrated by a 
reduced number of released cyst and trophozoites in feces 
(Suh, Belosevic, and Clandinin 2004). In vitro growth studies 
further revealed that gangliosides can directly affect parasite 
survival. In rat models of arthritis, different fractions of 
MFGM (predominantly the PL-enriched MFGM isolates) 
reduced inflammatory responses including adjuvant-induced 
paw swelling which was supported by cell-based assays in 
vitro (Palmano et  al. 2020). Different effects with 
ganglioside-enriched preparations were obtained in the same 
study thus suggesting that the anti-inflammatory activity of 
MFGM is mediated by different MFGM components that 
may act in concert.

In vitro, antimicrobial activity of milk polar lipid prepa-
rations has been demonstrated by different studies. 
Gangliosides purified from both human and bovine milk 
inhibited the adhesion of E. coli to human intestinal cells 
although human gangliosides proved more effective and 
GM1 was most effective when comparing efficacy of the 
individual milk ganglioside forms (Idota and Kawakami 
1995). Another study showed similar anti-adhesion activity 
of GM3, GD3 and GM1 against enterotoxigenic E. coli 
(ETEC), enteropathogenic E.coli (EPEC), Listeria monocyto-
genes, Salmonella entericaserovartyphi, Shigella sonnei, 
Campylobacter jejuni and Helicobacter pylori (Salcedo et  al. 
2013). Isolated MFGs, MFGMs, lactosylceramide and gan-
gliosides GM3 and GD3 bound to ETEC strains isolated 
from diarrheic calves (Sánchez-Juanes et  al. 2009). 
Interestingly, adhesion to bovine milk colostrum-derived 
gangliosides was considerably weaker than that to ganglio-
sides isolated from other lactational stages (Martín et  al. 
2003). Contrary to the levels of unsaturated FAs and sphin-
gosine, the carbohydrate moiety did not differ between gan-
gliosides isolated from different lactational stages. Hence, 
these results suggest that the ceramide fraction of ganglio-
sides is the most prominent factor for binding calve-derived 
ETEC strains.

Digestion products of SL and to a lesser extend digestion 
products of PL displayed bactericidal activity against E.coli 
0157:H7, Salmonella enteritidis, Campylobacter jejuni and 
Listeria monocytogenes in vitro suggesting that milk polar 
lipids, in particularly SL, may enhance the resistance to 

food-borne gastrointestinal infections (Sprong, Hulstein, and 
Van Der Meer 2001; Sprong, Hulstein, and Van Der Meer 
2002). Besides, MFGM as a whole bovine milk isolate has 
also been demonstrated to show bactericidal effects on E.coli 
0157:H7 by affecting virulence factor expression (Tellez et  al. 
2012), thereby illustrating the multifactorial action of 
MFGM. Similar as with pathogenic bacteria, MFGM has 
been demonstrated to inhibit adhesion of probiotic strains 
like Lactobacillus rhamnosus GG (LGG) (Guerin et  al. 2018) 
although functional consequences for overall LGG function-
ality are unknown.

In addition to antimicrobial activity, antiviral activity 
of milk polar lipids has been another area of in vitro 
research. Rotavirus infections is one of the most important 
causes of severe dehydrating diarrhea in infants and chil-
dren. Besides treatment with oral rehydration solutions 
and prevention by vaccination, nutritional interventions 
with bioactive compounds have been considered as a strat-
egy against rotavirus infections (see e.g. (Kvistgaard et  al. 
2004) describing the activity of the MFGM protein lact-
adherin). Bovine milk-derived MFGM (isolated from but-
termilk or whey cream) displayed anti-infective activity 
against neuraminidase-sensitive rotavirus in a dose depen-
dent manner (Fuller et  al. 2013). Buttermilk MFGM dis-
played a more prominent inhibition than cheese whey 
MFGM in this study which was discussed to be caused by 
a more complex FA composition and more abundant level 
of glycolipids in buttermilk- derived MFGM. Another in 
vitro study demonstrated activity of cerebroside against 
reovirus strain type 1 lang, and GD3 and GM3 against 
both reovirus strain type 1 lang and type 3 Dearing 
(Iskarpatyoti et  al. 2012), suggesting that milk polar lipids 
can affect other reoviruses besides rotavirus. Other viruses 
that may be inhibited by milk polar lipids in vitro include 
HIV, inhibited by human milk-derived sulfated glycolipids 
(Viveros-Rogel et  al. 2004) and respiratory syncytial virus 
inhibited by human milk-derived GM2 (Portelli, Gordon, 
and May 1998). The latter study revealed that human 
milk-derived gangliosides did not inhibit Semliki Forest 
virus and cytomegalovirus in vitro which is in line with 
another study demonstrating that both cytomegalovirus 
and three rhinovirus strains were not affected by human 
milk-derived gangliosides (Clarke and May 2000).

Another important antipathogenic activity of milk polar 
lipids is neutralization of pathogen virulence factors such 
as toxins by preventing binding of these factors to their 
target receptors along the gastrointestinal tract. The lipid 
fraction of human milk is able to bind shiga-toxin produced 
by shiga toxigenic E. coli (STEC) (Herrera-Insua et  al. 2001) 
most likely through GB3 which may protect infants against 
diarrheal diseases (Newburg, Ashkenazi, and Cleary 1992). 
Similarly, human and bovine milk GM1 was demonstrated 
to neutralize cholera toxin (Iwamori et  al. 2008; Iwamori 
2011). On the other hand, botulinum neurotoxin did not 
bind to any gangliosides from human and bovine milk 
(Iwamori et  al. 2008). Human milk gangliosides were further 
demonstrated to inhibit vacuole formation activity of 
Helicobacter pylori vacuolating cytotoxin (Wada et  al. 2010). 
All gangliosides analyzed, GM1, GM2, GM3, GD1a, GD1b, 
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GD3 and GT1b, revealed a significant neutralizing capacity 
and as tested for GM1, the lyso-form remained active sug-
gesting that gangliosides, at least to a certain extent maintain 
their functionality during digestion.

Immune cell development is also affected by milk polar 
lipids as revealed by several in vitro studies. Treatment 
of bone marrow-derived dendritic cells with human 
milk-derived GD3 and GM3 revealed that these gangli-
osides could affect dendritic cell maturation, where GD3 
displayed a more prominent effect than GM3 (Brønnum 
et  al. 2005). Fermented milk-derived SM (predominantly 
having C21, C22, C23 and C24 FAs) and the digestion 
products sphingosine and lyso-SM enhanced human 
osteosarcoma interferon-β production whereas ceramide 
and cerebroside did not (Osada et  al. 1993). Thus, 
although overall physiological relevance remains to be 
established, immune cell development and stimulation of 
interferon-β by milk polar lipid species may contribute 
to the observed protective effects in animal, adult, and 
infant studies.

With respect to allergy, and although the overall conse-
quence for allergic reactions remains to be established, there 
are some indications that milk-derived polar lipids can 
induce invariant natural killer T-cells in food allergy in 
children, specifically demonstrated for α-hexosylceramides, 
which are present in very low amounts in bovine milk, and 
the more abundant SM (Brennan et  al. 2017; Jyonouchi 
et  al. 2011).

Overall, clinical (adult, children and infant) intervention 
studies, supported by a range of non-clinical (animal and 
in vitro) studies thus demonstrate that milk polar lipids  
in different preparations display immunomodulatory  
activity.

3.4.7.  Dermatitis and skin conditioning
Reduced levels of epidermal ceramide content are associated 
with skin diseases including dermatitis, psoriasis and xerosis 
(Uchida and Park 2021) which is why several groups stud-
ied the effect of milk polar lipids and/or milk-derived SM 
on skin conditioning. Clinically, the effect of daily con-
sumption of a polar lipid-enriched milk (containing a but-
terserum concentrate with 31.2% PL, daily administration 
of 3 g PL, 0.75 g SM) for 6 weeks in patients with atopic 
dermatitis was compared to the effect of daily administra-
tion of normal milk (Keller et  al. 2014). From baseline, 
both interventions improved skin outcomes as assessed by 
SCORAD indices, and there appeared to be no further 
benefit of added PL. In healthy subjects aged 20–39 years 
with low skin hydration, a SM-enriched milk polar lipid 
preparation (buttermilk-derived, containing 5.9% SM, other 
PL not specified) improved skin conditioning (Higurashi 
et  al. 2015).

More mechanistic insights about the possible effect of 
milk polar lipids on skin conditioning came from animal 
studies. In hairless mice a dietary PL concentrate from 
bovine milk (buttermilk-derived) improved epidermal 
function as a result of increased ceramide content result-
ing in a higher skin hydration (Haruta-Ono, Setoguchi, 

et  al. 2012). Work from the same investigators, using 
radio-labeled SM administration in hairless mice further, 
demonstrated that SM is incorporated into skin SL where 
it may affect water-holding capacity of the skin 
(Haruta-Ono, Setoguchi, et  al. 2012). Further studies by 
these investigators include SM dose-dependency studies 
in these mice (Haruta-Ono, Ueno, et  al. 2012) and similar 
results were obtained with more complex milk PL polar 
lipid preparations (Morifuji, Oba, et  al. 2015). More 
recent studies further demonstrate that dietary SM (≥98% 
purity, milk-derived) prevented ultraviolet-B irradiation 
induced skin barrier disruption in hairless mice (Oba 
et  al. 2015). These results are in line with other ex vivo 
studies demonstrating that milk-derived PL can protect 
skin cells against ultraviolet radiation induced changes 
(Russell et  al. 2010). In summary, although several pre-
clinical studies reveal a role of dietary milk-derived polar 
lipids in skin conditioning, clinical studies are limited 
and report conflicting results.

3.4.8.  Growth and safety
For infant nutrition applications it is important to demon-
strate growth and safety of purified or enriched milk PL 
preparations, which has been demonstrated in several 
dedicated studies in addition to more elaborate studies 
also reporting about milk polar lipid functionality. Related 
to effects of milk polar lipids on growth in general, a 
preterm breastmilk cohort study that investigated the role 
of the human milk lipidome provided insights 
(Alexandre-Gouabau et  al. 2018). In this study infants that 
demonstrated a faster weight Z-score between birth and 
hospital discharge consumed milk that was, amongst others 
richer in SM and dihomo-γ-linoleic acid-containing PE. 
The authors discuss that these lipid species may be con-
sidered as biomarkers to predict early-growth although 
because of the many confounding clinical factors further 
validation as well as mechanistic insights remain to be 
established.

In infants, a key study related to an experimental formula 
containing MFGM-enriched whey and having a reduced 
overall protein concentration demonstrated that infant 
growth, weight gain, BMI, percentage of body fat and head 
circumference did not differ from infants fed a standard 
infant formula (Niklas Timby, Domellöf, et  al. 2014). As a 
result of the slightly lower caloric density of the experimen-
tal formula, infants consumed more volume as infants con-
suming the standard formula thereby fully compensating for 
the caloric density difference. Similarly, an experimental 
formula supplemented with functional ingredients including 
MFGM (described as 10% of total protein) demonstrated 
normal growth and neurodevelopment (Nieto-Ruiz et  al. 
2019) thus suggesting that enriching formula with bovine 
milk-derived MFGM results in a normal growth as com-
pared to standard formula. Furthermore, in healthy adults 
a high dose of MFGM (6.5 g buttermilk-derived, containing 
231 mg SM, ∼5 times the recommended dose for prevention 
of age-related muscle mass) given as dietary supplemental 
proofed safe for healthy adults (Hari et  al. 2015). In 
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conclusion, in addition to the many functionality studies 
reporting about growth, several dedicated studies in infants 
and adults demonstrate growth and safety of milk polar 
lipids in different applications.

4.  Conclusions and future perspectives

This systematic review demonstrates that milk polar lipids 
are important nutritional components that may deliver phys-
iological benefits for all age-groups. Natively forming a 
tri-layer at the milk fat globule interface, structural and 
compositional similarities occur between milk species includ-
ing human and bovine as discussed in this systematic review. 
Although the native MFGM lipid globule structure is lost 
during processing of milks and overall composition is 
affected by many factors, bovine milk-derived ingredients 
including whey and cream derived MFGM-enriched sources 
are applied for nutritional supplementation of milk polar 
lipids in food products. Well substantiated physiological ben-
efits supported with well-designed clinical studies and mech-
anistic support include brain and immune benefits and 
effects on lipid metabolism, although mostly tested clinically 
as more complex MFGM-enriched ingredients. Conflicting 
results are evident for virtually all areas studied and are 
likely related to the milk polar lipid source, dosing and/or 
complexity of the models used to demonstrate the benefit. 
An emerging area is the structure-function relation of milk 
polar lipids as MFGM with interesting developments includ-
ing new food innovations such as structured lipid globules 
in infant nutrition and insights about the role of PL on lipid 
digestion and absorption. Furthermore, this review clearly 
indicates superior functional benefits of milk polar lipids in 
several areas as compared to non-milk polar lipid sources. 
This is another interesting emerging area which will be an 
important area of research to investigate, for example, inter-
changeability of PL sources in food products or designing 
infant formula with a PL profile inspired by human milk 
composition. Although, a lot of knowledge about milk polar 
lipids is gained to date, several aspects remain to be eluci-
dated in future studies.

4.1.  Need for consistent and coherent reporting of 
analytical data

This systematic review reveals that many confounding fac-
tors determine the overall milk polar lipid concentration in 
human and bovine milk. Combining results from all studies 
and attempting to determine reasonable ranges proved chal-
lenging in this systematic review, especially for bovine milk. 
Mainly because of the many confounding factors but also 
regarding the inconsistent use of units (and lack of reporting 
all information required to calculate data into similar units) 
across different studies. Therefore, a clear need regarding 
milk polar lipid analytics is the use of consistency in units 
when analyzing milk. With the rapid development of sen-
sitive methodologies and standardization of methods this 
will become standard practice in future analytical studies. 
Considering the many confounding factors a detailed 

reporting of the milk origin and additional information such 
as total milk lipid concentration will be important.

4.2.  Minor species

Only a few studies have investigated composition of the 
minor milk polar lipid species especially related to cerebro-
sides, plasmalogens and sulfatides. Although technologically 
challenging, future studies should elaborate further about 
minor polar lipid species composition and their overall phys-
iological benefits. Of relevance for early life nutrition here-
with, will be the differences between human and bovine 
milk composition and functionality.

4.3.  Complex MFGM preparation vs single polar lipids

Some studies already demonstrated that more complex milk 
polar lipid preparations are more effective than individual 
PL, suggesting that, at least to a certain extent, milk polar 
lipids may act in synergy especially when also considering 
the protein fraction of MFGM. Future studies may focus 
more on effects of individual PL as well as effects of dif-
ferent PL acting in synergy. Moreover, although the current 
review focusses on polar lipids, other MFGM components 
such as MFGM proteins are gaining more attention because 
of their possible contribution to overall MFGM benefits. 
Although the difference between vegetable and milk sources 
(mainly related to SM) are well described, herewith the 
physiological importance of small differences in PL com-
position between milk polar lipid sources will become 
evident.

4.4.  Human studies

Although certain benefits are well substantiated, overall, 
more clinical intervention studies are required, preferably 
in a setting where milk polar lipids are the only difference 
between test and control groups. This may particularly be 
important for infant formula, as the majority of reported 
infant studies described experimental formula in which, 
relative to the control formula, other changes than MFGM- 
enrichment were made. Herewith a clear description of the 
milk PL source will be important given the many sources 
and milk ingredients available for formulation and their 
differences as discussed in this review. Further, clinical stud-
ies may also unravel possible difference between different 
dairy sources particularly whey vs cream derived sources 
as from the current systematic review it is evident that 
compositional difference may occur.
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Abbreviations

MFG	 milk fat globule
MFGM	 milk fat globule membrane
PC	 phosphatidylcholine
PE	 phosphatidylethanolamine
PI	 phosphatidylinositol
PL	 glycerophospholipids
PS	 phosphatidylserine
SL	 sphingophospholipids
SM	 sphingomyelin
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