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In most parts of the world, life expectancy is increasing thanks to improved healthcare, public health pol-

icies, nutrition, and treatment. This increase in lifespan is often not accompanied by an increase in health

span, which severely affects people as they age. One notable consequence of this is the increasing preva-

lence of neurodegenerative diseases such as mild cognitive impairment, dementia, and Alzheimer’s

disease. Therefore, dietary and pharmaceutical measures must be taken to reduce the burden of such

pathologies. Among the different types of nutrients found in the diet, lipids and especially polar lipids are

very important for cognition due to their abundance in the brain. Amid the most studied sources of polar

lipids, milk fat globule membrane (MFGM) stands out as it is abundant in industrial by-products such as

buttermilk. In this narrative review, we discuss the latest, i.e. less than five years old, scientific evidence on

the use of MFGM and its polar lipids in cognitive neurodevelopment in early life and their potential effect

in preventing neurodegeneration in old age. We conclude that MFGM is an interesting, abundant and

exploitable source of relatively inexpensive bioactive molecules that could be properly formulated and uti-

lized in the areas of neurodevelopment and cognitive decline. Sufficiently large randomized controlled

trials are required before health-related statements can be made. However, research in this area is pro-

gressing rapidly and the evidence gathered points to biological, health-promoting effects.

1 Introduction

Lifespan is increasing in most of the world, thanks to improved
health care, public health policies, nutrition, and treatments.1

This fact is often not accompanied by an increase in health
span, greatly affecting aged individuals.2 As the elderly represent
a larger portion of the population in many developed countries,
some age-related health diseases are becoming more ubiqui-
tous. One notable example are neurodegenerative illnesses such
as mild cognitive impairment (MCI), which can be defined as a
“cognitive decline greater than that expected for an individual’s
age and education level, but does not interfere notably with
activities of daily life”.3 MCI can lead to more serious ailments
such as dementia and Alzheimer’s disease (AD).4 Therefore,
rapid diagnosis and effective treatments are required to prevent
further complications. Unfortunately, dementia and AD are still

poorly etiologically understood and clinically treated. However,
several studies do suggest that there are preventive and thera-
peutic ways to delay the onset of cognitive impairments or even
alleviate them.5–8

In this respect, milk fat globule membrane (MFGM) stands
out as a potential nutraceutical, due to its high polar lipids
content. MFGM is produced by the mammary epithelial cells
and is structurally composed of a triple layer of phospholipids
and cholesterol with incorporated proteins and glycoproteins.
Even though the constituent/bioactive properties of MFGM
and its presumed mode(s) of action are yet to be fully eluci-
dated, most published research points to lipids, namely polar
lipids as the most prominent components of MFGM. Because
of their abundance in industrial by-products such as butter-
milk or cheese whey, among others, the exploitation of MFGM
by the supplement industry is gaining traction and some
promising results have been published in the literature.9

It must be underscored that, in addition to providing
energy, lipids are very important for cognition owing to their
abundance in the brain10 and because they are precursors of
chemical messengers.8,11 In particular, whereas non-polar
lipids such as triacylglycerols and cholesterol esters mainly act
as energy reservoirs, polar lipids have more biologically-

aFood Lipid Biomarkers and Health Group, Institute of Food Science Research (CIAL,

CSIC-UAM), Madrid 28049, Spain. E-mail: j.fontecha@csic.es, alvaro.l.u@csic.es,

mv.calvo@csic.es
bDepartment of Molecular Medicine, University of Padova, 35121 Padova, Italy.

E-mail: francesco.visioli@unipd.it
cIMDEA-Food, Madrid 28049, Spain

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 6783–6797 | 6783

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
m

aí
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

.1
2.

20
25

 2
3:

18
:5

7.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0003-2181-3599
http://orcid.org/0000-0002-6785-7661
http://orcid.org/0000-0002-1756-1723
http://orcid.org/0000-0001-5719-2304
http://crossmark.crossref.org/dialog/?doi=10.1039/d4fo00659c&domain=pdf&date_stamp=2024-06-26
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo00659c
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO015013


relevant properties.11,12 Indeed, they are indispensable
components of cell membranes, but they are also associated
with brain functionality and development.11,13,14 The total
lipid concentration in the brain accounts for more than 50%
of its dry weight for infants and this percentage significantly
increases as we grow older.15 Of note, the majority of lipids
found in brain tissues are long-chain polyunsaturated fatty
acids (LCPUFA) and phospholipids.16

Therefore, much investigation is being devoted to polar
lipids (whose proportion in MFGM is rather high) as potential
pharma-nutritional agents that might promote the neurodeve-
lopment in infants and lessen the burden of cognitive impair-
ment during aging17,18 (Fig. 1).

In this regard, an important field of study that is being devel-
oping over the last few years concerns infant formulas compo-
sition as they affect the development and metabolism of
children.19–22 Furthermore, the rationale that supplementing MCI
patients with MFGM would provide bioactive lipids to lessen the
burden of such disease, has been progressively gaining force.

In this narrative review we discuss the most recent scientific evi-
dence on the use of MFGM and its polar lipids in the field of cogni-

tive neurodevelopment in the early stages of life, as well as its poss-
ible action in the prevention of neurodegeneration during aging.

2 Methods

We searched Google Scholar, Science Direct and PubMed,
from the year 2019 onwards to provide an update of previous
reviews published on this topic.9,14,19–21 Only articles written
in English were included in this review. The terms ‘polar
lipids’, ‘phospholipids’, ‘sphingolipids’, ‘cognition’, ‘infant’,
‘MFGM’, ‘milk fat globule membrane’ ‘neurodegeneration’,
‘neurodevelopment’, ‘preclinical’, ‘clinical’, ‘trial’ were used
alone or in combination.

3 Results
3.1 MFGM as an available source of polar lipids

As mentioned, polar lipids can be conveniently rubricked as
phospholipids and sphingolipids, and are often referred to as

Fig. 1 Publications (only journal articles, reviews and book chapters) on the role of Milk Fat Globule Membrane (MFGM) or polar lipids in diet and
promotion of neurodevelopment and prevention of neurodegeneration with special interest in the last 5 years.
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complex lipids.22,23 Phospholipids are composed of glycerol,
fatty acids, and a polar head made of a phosphate group and
typically an organic base linked to it. They are ubiquitous in
all types of biological membranes, and they present an amphi-
pathic behavior: hydrophilic, polar heads (phosphate group
and organic bases), and hydrophobic tails (fatty acids).19

Phospholipids are crucial for many biological functions, and
they play major roles in membrane permeability, fluidity, and
deterioration, as well as in the interactions among other pro-
teins.24 Among the most common phospholipids we can find
phosphatidyl ethanolamine (PE), phosphatidyl serine (PS),
phosphatidyl inositol (PI), and phosphatidyl choline (PC).
Regarding sphingolipids, the most abundant is sphingomyelin
(SM), which consists of a molecule of sphingosine linked to a
fatty acid through an amide bond, also linked to a phospho-
choline group.25 Sphingomyelin is a sphingolipid unique to
animal cells and, similarly to phospholipids, it is present in
most membranes. It is closely related to the uptake of iron
inside the cell, and it is also believed that it is responsible for
the distribution of cholesterol inside the cell.19,26

Phospholipids and sphingolipids can be
biosynthesized.27,28 However, they are also present in a wide
variety of foods, of both animal and vegetal origin.29 Table 1
reports the most common food products where polar lipids
can be found.

Cogent to this review, phospholipids are important con-
stituents of larger structures such as milk fat globules (MFG).
These MFG are made of a triglyceride core surrounded by the
MFGM, which acts as a protective layer to prevent coalescing
and lipolysis of triacylglycerols in the presence of enzymes or
other molecules.9 The MFGM consist of a lipidic tri-layer made
up of about 40% in weight of polar lipids, rendering a very
rich source of phospholipids.34,35 MFGM can be found both in
human and ruminant milks, with similar compositions and
structures.36 The unique features of the MFGM (Fig. 2) and its
possible role in neurodevelopment have been subject to

numerous preclinical and clinical studies. In the following sec-
tions, the most recent preclinical and clinical studies that used
dietary polar lipids for neurodevelopment or to alleviate neuro-
degeneration are reviewed.

3.2 Preclinical studies

As mentioned above, the use of MFGM as potential sup-
plements is gaining great traction.9,37,38 One field of pharma-
nutritional applications of MFGM is infant development,
where an adequate nutrition is indispensable for a proper neu-
rodevelopment of newborns and young infants.39 Table 2 sum-
marizes the most recent preclinical studies on this subject,
subdivided into rodents (Table 2A) and pigs (Table 2B). Over
the last few years, a decent amount of publications was dedi-
cated to preclinical studies with rodents, but only a few of
them focused on pigs. A notable example of the effects of
MFGM in neurodevelopment was provided by Brink et al.,40

who tested how MFGM affect the neurodevelopment of rat
pups as compared with other supplements, i.e. a bovine polar
lipid concentrate, different concentrations of sialic acid, and a
non-fat milk control drink. The authors reported that T-maze
scores of rats treated with MFGM were higher than those of
pups supplemented with the other substances, although these
effects were no longer significant long-term. One study was
conducted by Fil et al.,41 in which pigs underwent magnetic
resonance imaging and behavioral tests after pigs followed a
diet supplemented with polar lipids or just a control diet. The
results showed that a minimal difference was observed in
terms of exploratory behavior but similar results were obtained
when recognition memory was tested.

These results are in concordance with another study carried
out in aged rats, showing an enhanced spatial working
memory in MFGM-supplemented animals, even though no sig-
nificant differences were observed in the hippocampus and
frontal cortex of the tested animals.42 Another work reported
that chronic supplementation with MFGM improved measures

Table 1 Major dietary sources of phospholipids and sphingolipids

Origin Food % Polar lipids (g per 100 g fat)

% (g per 100 g total polar lipids)

% PE % PC % PS % PI % SM

Vegetal Soy beans 11.1 26.2 44 nd 14 nd
Vegetal Peanuts 1.27 8.1 43.5 nd 24.2 nd
Animal Egg yolk 28–33 10–20 65–75 nd 0.5–2.0 2.0–5.0
Animal Beef 14–18 20–30 58–65 2.0–4.0 5.0–7.0 5.0–7.0
Animal Chicken liver 43–47 30–34 42–48 5.0–7.0 nd 10–12
Animal Pork liver 73.5 21.3 58.2 1.3 7.2 4.5
Animal Beef brain 76 35.8 24.1 16.0 4.5 17.4
Animal Squid 64–67 8.0–12 70–75 6.0–8.0 nd 7.0–11
Animal Herring (dark muscle) 33 26.5 53.6 13.9 nd 4.5
Animal Mackerel (dark muscle) 38 38.4 22.7 9.8 nd 29.1
Animal Milk 0.7–2.3 20–42 20–40 2–14 0.6–12 16–35
Animal Buttermilk 4.5–35.3 17.0–44.8 17.3–46.0 8.0–18.0 2.4–17.3 12.1–21.5
Animal Cheese whey 5.3–24 27.4–41.1 19.0–32.2 3.9–9.3 2.8–3.7 9.9–16.4
Animal Cream 0.3–5.6 17.7–45.6 14.6–34 6.7–14.8 6.8–15.4 11.9–28.6
Animal Butter serum 47–48.4 27–31 24.9–27 6.9–10 9.0–11.2 23.8–28.9

Data obtained from references.19,29–33
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of spatial long-term memory accuracy and cognitive flexibility,
but failed to improve anxiety, general mobility or exploratory
behavior43 (Table 3).

3.3 Clinical studies

In addition to the aforementioned preclinical studies, some
research focused on clinical tests, using infant, adolescent,
and adult volunteers. One of the most important aspects to
consider when carrying out clinical studies is the safety and
tolerability of the products administered to the volunteers. In
this sense, Jiang et al.60 assessed whether an MFGM sup-
plementation in infant formula was well tolerated by infants
ranging from 0 to 12 months of age. The results proved that
there was a similar number of incidences and of a similar
caliber as the group that was consuming the standard formula.
The same research group showed in another publication that
the group consuming the supplemented infant formula
reduced the gap existing between breastfed infants and
formula fed infants in terms of cognitive performance on
Bayley Scales of Infant and Toddler Development III (Bayley-
III) test.61 Moreover, it was proven that the levels of serum
gangliosides increased for the MFGM group. Other recent
clinical studies assessing neurodevelopment in infants are
reported in Table 4.

Two other works presented concordant results when the
effects on infants following a diet supplemented with MFGM
and lactoferrin were tested. In the first study, infants following
the aforementioned diet during one year showed an enhanced
neurodevelopment compared to control groups, and these

results were validated once a follow-up study was conducted at
5.5 years of age.62,63 Nevertheless, another study assessed long-
term results on neurodevelopment of infants that started a
low-energy and low-protein formula supplemented with
MFGM for up to six months since they were born. After six
years, the results showed no significant neurodevelopment,
growth, or plasma cholesterol improvement for those infants
compared to the control group.64

Lastly, Table 5 gathers the most recent publications regard-
ing the effects of MFGM and polar lipid supplementation on
neurodegeneration in aged individuals. For example, the
effects on psychological health of a diet supplemented with
MFGM on healthy adults were studied.65 In this trial, the vol-
unteers were separated in three different groups, two of them
receiving different MFGM amounts with the diet and a placebo
group. Volunteers followed the diet for 12 weeks and several
questionnaires about psychological health and sleep quality
were administered at the beginning and at weeks 6 and 12.
The results showed that those individuals taking MFGM pre-
sented significantly lower stress scores than the placebo group
both after six and 12 weeks. There are a few studies that are
worth mentioning although they were not included in the
tables due to the absence of treatment with MFGM or polar
lipids, for example, Chakraborty et al. (2021) carried out an
evaluation of the prevalence of mild cognitive impairment on
type 2 diabetes mellitus patients by conducting cognitive tests
and blood lipidomics to diabetic patients.66 They found out
that triacylglycerol as well as phosphatidyl choline levels
decreased in patients suffering mild cognitive impairment

Fig. 2 Schematic representation of the potential use of MFGM and polar lipids as a dietary supplement. MFGM has a wide-ranging impact on both
infant and adult health. MFGM is an interesting, abundant, and exploitable source of relatively inexpensive bioactive molecules that could be properly
formulated and employed in the neurodevelopment and cognitive decline fields. It can be used to enrich infant formulas to promote neurodevelop-
ment or as a component of novel nutraceuticals, together with other non-diary polar lipids, to act as a potential protection against mild cognitive
impairment during aging.
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Table 2 Preclinical studies of the role of diet supplementation of polar lipids or MFGM in neurodevelopment subdivided into: rodents (A) and pigs
(B)

Objective Methodology Supplementation Duration Dose Conclusions Ref.

(A) Rodents
Examination of
neurodevelopment and
long-term
programming effects
on offspring after
MFGM
supplementation to
obese dams

Rats (n = 24) were
divided in control
and high-fat diet
group, which were
supplemented with
control or MFGM (n =
6 for each)

(MS) Lab-made
polar lipid-enriched
MFGM from raw
milk MFGM
mixtures supplied
by Fonterra.

Pregnancy
and lactation

Control diet was 10%
energy from fat and
high-fat diet was
60%. MFGM
administered was
400 mg per kg bw
during pregnancy and
lactation

MFGM diet proved to be
an efficient tool for
offspring
neurodevelopment
against a high-fat diet
induced cognitive
impairment

44

Investigate whether
MFGM
supplementation in
obese rats promotes
neurodevelopment in
offspring

Control rats (n = 12)
or obese rats (n = 12)
were supplemented
with MFGM (n = 6) or
continued a control
diet (n = 6)

(MS) Commercial
MFGM (Arla)

Pregnancy
and lactation

Diet consisted of 60%
calories from fat and
MFGM
supplementation was
of 400 mg per kg bw
for control and obese
rats

Results proved that
neurodevelopment was
partly promoted with
MFGM
supplementation by
modulating gut
microbiota in offspring

45

Investigate the effect
on neuromuscular
system of dietary
MFGM
supplementation

Growing rats (n = 64)
were supplemented
with one of four
different diets,
including a control
diet, and three
bovine-derived
MFGM supplements

(IS) Commercial
MFGM (Fonterra)

60 days (PD
10 to PD 70)

MFGM supplements:
complex milk lipid
mixture (0.64 mg g−1

day−1), beta serum
concentrate (5.05 mg
g−1 day−1) and polar-
lipid-enriched
complex milk lipid
without MFGM
protein (1.78 mg g−1

day−1)

Dietary
supplementation of all
bovine-derived MFGM
supplements enriched
neuromuscular
development, shifting
adult muscle phenotype

46

(IS) Determine whether
MFGM enhances
cognition in rats
compared to other
individual components

Growth restricted rat
pups were
supplemented with
one of the five
different treatments
tested (n = 51 per
group)

(IS) Commercial
MFGM and
phospholipid
concentrate
(Lacprodan
MFGM-10,
Lacprodan PL-20,
Arla)

20 days (PD 2
to PD 21)

MFGM, phospholipid
concentrate and a
non-fat milk control
each at 100 mg per kg
(bw), sialic acid
200 mg per kg bw
and sialic acid 2 mg
per kg bw

MFGM group exhibited
enhanced results in a
T-maze test, but no
differences were
observed in the Morris
Walter Maze or brain
serologies

40

(IS) Evaluation of the
effects of a dietary
intervention with
MFGM and a prebiotic
blend on maternal
separated rats

Dietary
supplementation to
rats with a control or
three different diets
(n = 12 per group) was
conducted

(IS) Commercial
MFGM from whey
protein concentrate
(Mead Johnson
Nutrition)

13 weeks
(from PD 21)

Diets supplemented
with galacto-
oligosaccharide
20.86 g kg−1 + poly-
dextrose 6.44 g kg−1,
MFGM 15.9 g kg−1 or
a combination of
both

MFGM and prebiotic
blend mixture impacted
microbiota and
improved effects of
early-life stress (visceral
hypersensitivity) in
maternal-separated rats

47

(IS) Investigation of the
effects of a diet
mimicking breastmilk
on early-life stress and
after prolonged
Western-style diet

Control (n = 50) or
early life stress (n =
50) mice were fed
with standard or
MFGM-enriched (n =
25 for each group)
infant milk formula
followed by Western-
style diet

(IS) Commercial
bovine MFGM
phospholipids
(Fonterra) Danone
Nutricia Research

Infant
formula for
26 days (PD
16 to PD 42).
Western style
diet for 188
days (until
PD 230)

Diets followed AIN
standards. Bovine-
MFGM was added in
the enriched milk
formula

Protective effects of
infant milk formula
and harmful effects of
early-life stress
disappear after
extended Western-style
diet

48

(IS) Evaluate the effects
of a diet rich in coffee
polyphenols and
MFGM in mice

Mice were fed with a
control, high coffee
polyphenol or MFGM-
enriched diet, or a
combination of the
latter two (n = 12 per
group)

(IS) Commercial
MFGM from butter
serum (LECICO
GmbH)

1 month or
8 months
(from
2 months of
age)

Polyphenol diet
contained 2% coffee
polyphenols and
MFGM diet 1%
MFGM, base feed
followed the AIN
standards

Both diets proved to
increase survival rates
and improve retention
of long-term memory. A
preventive effect on
brain ageing was
observed for both
experiments

49

(IS) Assess the effect of
MFGM
supplementation on
maternal-separated rats
across lifespan

Maternal-separated or
non-separated rats
were fed a control
diet or a diet rich in
MFGM

(IS) Commercial
MFGM from whey
protein concentrate
(Mead Johnson
Nutrition)

100 days (PD
1 to PD 100)

Control and MFGM-
enriched diets
contained 5.3 g kg−1

DHA/ARA and MFGM
diet contained 15.9 g
kg−1 whey protein
concentrate MFGM

Visceral hypersensitivity
was ameliorated with
MFGM diet but little to
no improvements were
observed in spatial
memory or neural or
glial networks

50
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whereas ceramide levels increased, Costa et al. (2019) carried
out a quantification of phospholipids as potential biomarkers
of Alzheimer’s disease (AD) and determined phospholipase A2
activity in blood of mild cognitive impairment and AD

patients.67 They extracted and consequently analyzed blood
from healthy individuals (n = 25) as well as mild cognitive
impaired (n = 20) and AD patients (n = 34), finding out that
lipid metabolites in plasma could be indicators of the tran-

Table 2 (Contd.)

Objective Methodology Supplementation Duration Dose Conclusions Ref.

(IS) Explore the early
postnatal temporal
profiling of brain
lipidome as well as the
effect of a polar lipid
chronic
supplementation in
rats

Pups were distributed
in a control group (n
= 16) fed with a
standard diet
supplemented with
oil or a target group
(n = 16)
supplemented with
polar lipids

(IS) Polar lipids
extracted from whey
protein concentrate

43 days (PD 7
to PD 50)

Polar lipid extract
obtained from
α-lactalbumin-
enriched whey
protein concentrate
and consisted of
3.3 mg per 10 µL per
g bw

Polar lipid dietary
intake modulated the
brain lipid composition
during early stages for
rat pups and could
support early brain
development

51

Determination of
behavioral
improvements in mice
after MFGM
intervention

Mice followed a
control (n = 10) or
MFGM-enriched (n =
10) diet

(IS) Commercial
MFGM (Hilmar
Ingredients)

18 weeks
(from 8–9
weeks old)

MFGM administered
as saline solution at
400 mg per kg bw by
intragastric gavage
and control group
was supplemented a
sterile saline solution

Mice supplemented
with MFGM presented
more neurons and
better spatial memory
than control group

52

Analyze bioavailability
of bovine MFGM after
oral administration in
rodents

Mice and rats were
administered a
control (mice: n = 18;
rats n = 12) or a
bovine-MFGM-
enriched (mice n =
18; rats n = 12) diet
(mice 8 weeks, rats 10
weeks)

(IS) Commercial
bovine MFGM
(Lacprodan
MFGM-10, Arla)

8 weeks (PW
4 to PW 12)

Diets were isocaloric
and followed AIN
standards, enriched
diet contained 2.3%
(w/w) bovine-MFGM
and whey protein

Plasma phospholipid
profiles varied,
increasing
sphingomyelin levels.
Similar results were
obtained in the
prefrontal cortex

53

(B) Pigs
Evaluation of
longitudinal micro and
macrostructure
development on pigs
after following an early-
life polar lipid
supplementation

Pigs followed a polar
lipid supplemented
diet (n = 14) and a
control diet (n = 14)

Commercial bovine
milk-based milk
replacer treatments
formulated with
whey protein
(TestDiet)

4 weeks (PD
2 to PW 4)

Control diet did not
contain polar lipids
and polar-lipid diet
contained 475 ±
59 mg SM, 564 ±
143 mg PE, 432 ±
47 mg PC 190 ± 37 mf
PI per 100 g. Both
diets were isocaloric
(4.26 kcal kg−1)

Early-life polar lipid
supplementation had
limited effect on
neurodevelopment,
object recognition and
exploratory behavior

41

Investigate whether
dairy-derived
emulsifiers increased
lipid absorption and
neurodevelopment in
newborn piglets

Piglets followed a soy-
lecithin (n = 25) or
whey protein diet
enriched in
extracellular vesicles
(n = 24) or
phospholipids (n =
25)

Commercial whey
protein (Arla)

19 days (PD 1
to PD 19)

Piglets were fed every
2–3 h varying
amounts of
parenteral (120–0 mL
kg−1 day−1) and
enteral (32–180 mL
kg−1 day−1) nutrition

No differences were
observed in
hippocampal lipid
composition or short-
term memory, although
plasma lipid profile was
altered

54

Investigate the
different effects of a
bovine MFGM
supplementation on
the diet of young pigs

Pigs (n = 18 per
group) followed a
control or two
different MFGM-
enriched diets

Commercial whey
protein (Lacprodan
MFGM-10, Arla)

30 days (PD 2
to PD 31)

Whey protein
concentrate added to
the MFGM
supplemented diets
at 2.5 and 5 g L−1

Serum lipoprotein levels
increased in those pigs
following the diet, but
no significant
differences were found
elsewhere

55

Comparison of
neurodevelopment
between normal born
and intrauterine
growth restricted
piglets fed with a
formula containing
vegetable oils or bovine
milk fat products

Normal born piglets
(n = 18) and
intrauterine growth
restricted piglets (n =
18) were fed two
different formulas
supplemented with
vegetable oils or
bovine milk fat (n = 9
for each group)

Commercial bovine
whey protein (Arla)

3 weeks (PD
3 to PD
24–25)

Vegetable formula
(90 g L−1 vegetable
oils) or milk formula
(119 g L−1 fresh
bovine cream) were
fed to piglets every
3 h in doses between
160 to 280 mL kg−1

day−1

Minor effects were
observed between the
diet and the weight and
no improvement on
brain structure and
functional impairments
for intrauterine growth
restricted piglets

56

MS: maternal supplementation; IS: infant supplementation; bw: body weight; AIN: American institute of nutrition; PD: postnatal day; PW:
postnatal week.
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sition between healthy and diseased brains. Lastly, Muñoz-
Garach et al. (2021) assessed the relationship between the
intake of milk and dairy products and cognitive decline of
high cardiovascular risk individuals.68 The intake of milk and
dairy products consumed was estimated by nutritional ques-
tionnaires and cognitive tests were conducted to all individuals
(n = 6426). Interestingly, they concluded that a greater intake
of milk and dairy products could be linked to a greater cogni-
tive decline; however, whole-fat milk was associated with less
cognitive impairment.

4 Discussion

Research on the role of polar lipids and, especially, MFGM in
neurodevelopment and neurodegeneration has intensified in
recent years (Fig. 1). Much of this research is concentrating on

diet supplementation of MFGM as a potential nutraceutical, as
reported by many animal and human investigations.
Preclinical and clinical data are promising yet still scant to
draw firm conclusions. Undoubtedly, polar lipids access the
brain and are incorporated into cerebral phospholipids.77,78

In order to determine and unravel the possible mechanisms
of action of the lipid-based interventions reviewed here, some
studies have been carried out over the last few years to better
understand the behavior of polar lipids and the different inter-
actions of the MFGM with cells. For example, one recent study
described the interaction between fluorescently labelled
MFGM obtained from human breast milk with Caco-2 cells,
i.e. basic components of the intestinal epithelial barrier. In
that study, MFGM was labelled with two different fluoro-
chromes that induce fluorescence resonance energy transfer.
By using inhibitors of endocytosis, it was proven that the inter-
action led to a fusion of the MFGM and the Caco-2 cell mem-

Table 3 Preclinical studies of MFGM supplemented to rodents’ diet and effects on neurodegeneration

Objective Methodology Supplementation Duration Dose Conclusions Ref.

Evaluate cognitive and
biochemical effects of
MFGM concentrate
supplementation in aged
rats

Aged rats (n = 30)
followed a control
diet or were
supplemented with
an MFGM cookie
piece

Lab-made MFGM
concentrate from
buttermilk

4 months
(from
15 months
to
19 months
of age)

MFGM cookie piece
corresponded to a
0.5 g per animal per
day supplement

MFGM supplementation
could restore bioactive
lipids in brain and
prevent or slow cognitive
impairment

42

Assess the effects of
chronic MFGM diet on
motor skills, anxiety and
long-term memory in
adult rats

Early-life rats were
supplemented with
a control diet (n =
14) or a polar lipid
extract supplement
(n = 14)

Lab-made polar
lipid extract from
whey protein
concentrate

65 days (PD
7 to PD 72)

Polar lipid extract
(PLE) was made of
14.6 g SM, 14.5 g PC
1.1 g PS, 5.5 g PE
and 1.1 g PI per
100 g, rats were fed
different amounts,
considering the
animal’s bw

Long-term spatial
memory accuracy and
cognitive flexibility were
enhanced, but it failed to
improve recognition
memory, anxiety, motor
coordination or
locomotion

43

Investigation of
cognition effects on
aged rats after a diet
supplemented with
polar lipids from krill oil
and buttermilk

Aged rats followed
one of four different
diets: control with
refined olive oil (n =
8), and
supplemented diets
in polar lipids from
buttermilk (n = 11),
krill oil (n = 10) or a
combination of both
(n = 12) for
3 months

Lab-made polar
lipid-enriched
lollipops from
buttermilk or krill
oil

3 months
(from
18 months
of age)

Animals followed a
low polar lipid
standard diet and
the polar lipid-rich
supplements
(phospho- and
sphingolipids) were
added in the form of
jelly lollipops

Emotional memory
(contextual fear
conditioning) was lower
in aged rats
supplemented with
concentrates, but no
other behavioral
parameter was
significantly altered

57

Determine the role of a
diet rich in whey protein
powder with MFGM in
Alzheimer’s disease in
mice

Wild type and triple
transgenic
Alzheimer’s disease
(AD) mice (n = 30)
fed with protein
powder and MFGM

Commercial whey
protein powder
with MFGM
(ByHealth Co. Ltd)

3 months
(from
4 months of
age)

Whey protein
powder with MFGM
was provided to the
target group at 3.4 g
kg−1 day−1 wild type
and AD control
groups followed the
same diet without
whey protein powder

Pathology was alleviated
by inhibiting
neuroinflammation in
the brains of AD mice by
targeting the peroxisome
proliferator-activated
receptor

58

Examine the impact of a
diet enriched in MFGM
on fat storage,
neuroinflammatory
processes and
myelination in obese
mice

Mice were exposed
to a control diet (n =
43), high fat diet (n
= 23) or a high fat
diet enriched in
MFGM (n = 27) for
24 weeks to induce
obesity

Commercial whey
protein lipid
concentrates high
in MFGM

24 weeks
(from PW
12)

High fat diet was
45% kcal of fat,
enriched diet in
MFGM substituted
3% of the previous
diet with whey
protein concentrate

Supplementation
benefitted hippocampal-
dependent spatial
memory, functional
connectivity and anti-
inflammatory processes
in obese mice

59
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Table 4 Clinical studies of MFGM supplemented to infants’ diets and effects on neurodevelopment

Objective Methodology Supplementation Duration Dose Conclusions Ref.

Evaluation of the safety
and tolerability of
including MFGM in
infant formulas, as well
as neurodevelopment in
healthy infants

A formula
supplemented with
MFGM or a standard
formula was given to
infants (n = 212),
tolerance and safety
events were recorded.
Also, Bayley-III test
was conducted at 6
and 12 months

Commercial
MFGM and
formulas
(Fonterra)

1 year
(infants 0 to
12 months
of age)

Difference in total
phospholipid
content between
MFGM-enriched
and control
formula was
32.1 mg in the
initial formula and
39 mg in the
follow-on formula

Enriched formula was
well tolerated by infants
from 0 to 12 months of
age. Cognitive tests
reduced the gap between
the MFGM group and a
breastfed group

60
and
61

Evaluation of
neurodevelopment,
general health and
growth of infants
receiving a formula
supplemented with
MFGM and lactoferrin

Cognitive and
medical results were
obtained after infants
(n = 291) received the
treatment and
6 months later

Commercial
bovine whey
protein (Lacprodan
MFGM-10, Arla)

1 year
(infants
started at
10–14 days
of age)

Enriched formula
contained 5 g L−1

bovine MFGM from
whey protein con-
centrate and lacto-
ferrin, control was
a cow milk-based
formula

Infants taking the
supplemented diet
showed accelerated
neurodevelopment after
the year of treatment and
less medical
complications

62

Analyze the
neurodevelopment of
children at 5.5 years of
age after consuming an
enriched MFGM and
lactoferrin diet during
one year at 12 months of
age

Infants who followed
a previous diet were
invited to a cognitive
and behavioral follow-
up study (n = 116)

Commercial
bovine whey
protein (Lacprodan
MFGM-10, Arla)

1 year (until
12 months
of age)

Enriched formula
contained 5 g L−1

bovine MFGM from
whey protein con-
centrate and lacto-
ferrin, control was
a cow milk-based
formula

Results proved that
infants following the
MFGM and lactoferrin
diet improved
intelligence and
executive function at 5.5
years of age

63

Assess long-term
neurodevelopment,
growth and plasma
cholesterol of children of
6–6.5 years of age that
followed a MFGM-
enriched low-energy and
low-protein diet at
6 months of age.

Anthropometric tests
and plasma lipid
analyses were carried
out at 6 years of age
and behavioral tests
at 6.5 years of age as a
follow-up study (n =
240)

Commercial
bovine whey
protein (Lacprodan
MFGM-10, Arla)

4 months
(less than
2 months
old)

Experimental
formula contained
4% MFGM and
lower energy and
proteins (60 kcal
per 100 mL and
1.20 mg per
100 mL) standard
formula was 66 kcal
per 100 mL and
1.27 mg per
100 mL

No significant
differences were
observed among
children following
supplemented diet on
neurodevelopment,
growth or plasma
cholesterol

64

Examination of the
benefits of MFGM
consumption in early
infancy on physical
growth and brain
development

Infants of 4 months
of age of less (n = 340)
received a diet
enriched with MFGM
or a standard
formula, and the
analyzed data was
compared to
breastfed infants (n =
200)

Commercial
bovine whey
protein (Lacprodan
MFGM-10, Arla)

1 year (less
than
4 months
old)

Both formulas
contained 17 mg
DHA, 25 mg ARA
and 1.9 g protein
per 100 kcal, but
enriched fraction of
MFGM contained
5 g L−1 whey
protein concentrate

Results proved that
during the first 2 years of
age infants taking the
supplemented diet
followed normal growth i

69
and
70

Analysis of long-term
effects of MFGM-,
LC-PUFA- and symbiotic-
supplemented infant
formula on children aged
6 compared to breastfed
infants

Infants from
0–2 months old
followed a diet of
MFGM-enriched
infant formula (n =
39) or a standard
formula (n = 37) for
up to 18 months,
cognitive test were
performed at 6 years
of age including
breastfed infants (n =
32)

Infant formulas
were provided by
Laboratorios
Ordesa, SL

18 months
(less than
2 months
old)

MFGM enriched
formula contained
10% w/w total
protein as MFGM.
LC-PUFAs included
DHA and ARA,
symbiotics,
gangliosides,
nucleotides and
sialic acid were
added

Greater
neurodevelopment
observed for children
who followed the
supplemented diet

71
and
72

Establishment of a
relationship between
major human milk
nutrients and
temperament and
cognition on infants up
to 18 months old

Human breast milk
was obtained from
the participant
mothers and
cognition and
behavioral tests were
conducted to infants
(n = 54)

Breast milk 18 months
(less than
6 months
old)

Support of behavioral
and cognitive traits was
found in phospholipids,
long chain
polyunsaturated fatty
acids and choline

73
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branes.79 This study adds to the potential interactions of polar
lipids and infant development at the earliest stage of life,
because milk MFGM were not fully digested, approximating
the situation in which infants with a very immature digestive
system would obtain nutrients from their mothers.

In the field of neuroscience, the administration of milk
polar lipids to aged rats was able to modulate the miRNA
expression80 and to improve hippocampal insulin resistance
and synaptic signaling.81 A recent paper by Zhou et al.52

reported that the provision of MFGM increased the number of
neurons in the dentate gyrus of the hippocampus and modu-
lated the expression of proteins that are known to promote
synapse formation and signaling pathways that are related to
cognitive processes.

Considering the different works presented in this review, it
can be observed that the majority of publications are focused
on pre-clinical trials, and very few works have tackled clinical

trials on neurodegeneration with aged population. One
common trend that can be appreciated in the results shown
on the tables is that for those studies carried out for a short
period of time (i.e. a few weeks), little to no positive outcome
has been noticed, whereas longer studies of several months
tend to provide better results. Therefore, it can be concluded
that more long-term studies are required in order to provide a
better understanding of the role of polar lipids in the wide
field of cognition. It is undeniable that different commercial
or lab-made products will not present the exact lipidic compo-
sition. That is why another remarkable point to consider is the
type of supplementation that was employed in the investi-
gations. It can be observed that there are several studies, both
pre-clinical and clinical, that use the same products with
different outcomes. For example, the most commonly used
commercial products come from Arla and Fonterra. However,
the success of the results observed did not follow an exact cor-

Table 4 (Contd.)

Objective Methodology Supplementation Duration Dose Conclusions Ref.

Study the relationship
between the
consumption of
sphingomyelin during
early life with
myelination and
cognitive development

Infants (n = 88) fed
with three different
infant nutrition
products; product A
(n = 39), product B (n
= 28), product C (n =
21) were considered
for the study. Mullen
scales of early
learning were utilized
to assess cognitive
development and
brain MRI for myelin
content

Commercial infant
formulas

3 months
(first
3 months of
age)

Infants had to be
fed at least 80% of
the times with
these products
during the first
3 months of age to
be included in the
study

Results indicated that
cognitive development
was influenced by the
amount of
sphingomyelin in infant
formulas, as verbal
development in infants
following a diet higher in
sphingomyelin showed a
higher rate of change

74

Table 5 Clinical studies of MFGM and/or polar lipids supplemented to adults’ diet and effects on neurodegeneration

Objective Methodology Supplementation Duration Dose Conclusions Ref.

Assess the effect of a
diet enriched with
MFGM on
psychological health
for a group of
healthy adults

Participants (n = 122)
were consuming different
MFGM amounts or
placebo and took
questionnaires at
baseline and after 6 and
12 weeks

Commercial MFGM
from buttermilk
(Fonterra)

12 weeks Participants were given
1 or 2 sachets daily
containing 600 mg
MFGM or a placebo
containing
maltodextrin.

MFGM groups showed
lower stress scores than
placebo group,
suggesting that MFGM
consumption could
lead to reducing anxiety
or improve general
psychological health

65

Test whether a
MFGM and protein
-enriched snack
could improve the
physical performance
in aged woman

Women of 70 years of age
or more were
supplemented (n = 51)
with a snack rich in
MFGM and protein or
not (n = 50) for 12 weeks
followed by some
physical tests

Lab-made products
from lactose-free
buttermilk
concentrate (Valio
Ltd.)

12 weeks Intervention group was
given either a chocolate
milkshake with 3.6 mg
MFGM or a protein
powder with 3.9 mg
MFGM

Balance tests improved
significantly in the
intervention group
compared to the control
group, no other
significant changes
were observed

75

Evaluate the effects
of an MFGM-
enriched milk on
healthy or mildly
cognitively impaired
subjects

Subjects of 65 years of
age or more (n = 44) were
administered with
MFGM-enriched milk for
14 weeks. Cognitive tests
and lipidomic analyses
were performed.

Lab-made functional
milk drinks from
buttermilk

14 weeks Participants of control
group were given
200 mL day−1 of skim
milk (0.01 mg of PL)
and target group
200 mL day−1 MFGM
milk (0.38 mg of PL)

Individuals
participating proved an
improvement in the
episodic memory after
the 14 weeks,
significantly improved
among females.

76
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relation with the type of supplementation but rather on the
duration of the process. As previously mentioned, those
investigations carried out for an extended period of time, i.e. a
year, presented more promising results, regardless of the type
of product consumed. Despite the small differences of the pro-
ducts used, an extended period of time is definitely required,
especially for humans.

Among the many bioactive lipidic components of MFGM,
particular attention is being paid to PS and PC, in addition to
sphingomyelin and gangliosides. While the former have been
mostly studied in peripheral nervous system diseases, the
latter are being used as supplements because of their pur-
ported effects in e.g. memory and brain development.37,82,83

Moreover, it is believed that sphingomyelin plays a crucial role
in maintaining the membrane structure of MFGM.37,84

The amount of PS in MFGM ranges from 2% to 7%85–87 and
this phospholipid is highly concentrated in the brain, between
12 and 20%.88,89 PS plays important roles in e.g. mitochondrial
integrity, neurotransmitter release, and memory formation.90

PS has been studied in trials of dementia and MCI, which
largely reported the ameliorative effects of PS on memory and
learning.31,57,91–96

Another important PL component of MFGM is PC, which
makes up approximately a third of the total amount of PL
found85 and is crucial for the synthesis of acetylcholine and,
downstream, for memory formation and mood.97 Choline and/
or its metabolites are also indispensable to the structural
integrity and signaling function of cell membranes,97,98 and it
is the major source of methyl groups in the diet.98 Pertinent to
this review, choline intake during gestation and the early post-
natal period has been shown to enhance cognitive perform-
ance in childhood, adulthood and into old age in multiple
animal models and in some human studies.99 Even though
excessive dietary choline intake might lead to the microbiota-
mediated formation of trimethylamine N-oxide,100 its role in
memory formation and dementia prevention is being actively
investigated.101 It must be underscored that it is currently
difficult to disentangle the neuroprotective actions of choline
from those of choline-containing phospholipids such as PC,
namely PC species that contain high proportions of DHA. Yet,
most author concur that the available evidence suggests that
an adequate and concomitant dietary supply of choline and
DHA is necessary to maintain plasma and cerebral PC-DHA
concentrations, which might contribute to slow the onset of
cognitive decline with aging, and potentially to delay or ame-
liorate the pathogenetic process in AD.100

5 Conclusions

In conclusion, MFGM are an interesting, abundant, and exploi-
table source of relatively inexpensive bioactive molecules that
could be properly formulated and employed in the neurodeve-
lopment and cognitive decline fields.

Large, adequately sized randomized controlled trials and,
as discussed before, of an extended duration, are certainly

needed before making health claims. However, research in
this area is rapidly accelerating and accumulated evidence is
supportive of biological, salubrious effects. A balanced inter-
action between academy and industry will augment an
effective way to produce and study nutraceuticals and func-
tional foods with high yet palatable concentrations of MFGM
that could be employed at the two spectra of lifespan, with
interesting and useful pharma-nutritional outcomes.
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