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A B S T R A C T

Chronic stress and ageing are two of the most important factors that negatively affect cognitive processes such as
learning and memory across the lifespan. To date, pharmacological agents have been insufficient in reducing the
impact of both on brain health, and thus, novel therapeutic strategies are required. Recent research has focused
on nutritional interventions to modify behaviour and reduce the deleterious consequences of both stress and
ageing. In this context, emerging evidence indicate that phospholipids, a specific type of fat, are capable of
improving a variety of cognitive processes in both animals and humans. The mechanisms underlying these
positive effects are actively being investigated but as of yet are not fully elucidated. In this review, we summarise
the preclinical and clinical studies available on phospholipid-based strategies for improved brain health across
the lifespan. Moreover, we summarize the hypothesized direct and indirect mechanisms of action of these lipid-
based interventions which may be used to promote resilience to stress and improve age-related cognitive decline
in vulnerable populations.

1. Introduction

Lipids are crucial for proper nervous system function and health,
and make up 60% of the dry brain weight (Lauritzen et al., 2001).
Among these, phospholipids are a class of fat composed of two different
parts linked by a phosphate group. They are one of three major classes
of membrane lipids, the others being glycolipids and cholesterol
(McCabe and Green, 1977). Phospholipids have a hydrophobic tail
containing two fatty acids, and a hydrophilic head containing a polar
group (Fig. 1A). This composition confers amphiphilic properties to the
phospholipids, enabling the spontaneous formation of a bilayer in an
aqueous solution (Li et al., 2015). The polar head can be choline,
ethanolamine, serine, or inositol, forming respectively phosphati-
dylcholine, phosphatidylethanolamine, phosphatidylserine, or phos-
phatidylinositol (Fig. 1A). Sphingomyelin is a phospholipid belonging
to the sphingolipid family and is composed of a sphingosine, a fatty acid
and a phosphorylcholine group (Fig. 1A) (Fredman, 1998). Phospholi-
pids are omnipresent as they represent the major components of all

biological membranes, and as such, are crucial for membrane function
and integrity (Fig. 2A) (Watson, 2015). Interestingly, phospholipids are
abundant in the nervous system (Bozek et al., 2015; Sastry, 1985) and
have long been suspected of being involved in brain maturation and
function (Gozzo et al., 1982). This partly explains the rationale for the
approach to use phospholipids to enhance or preserve brain health and
brain processes.

There is an increasing interest in dietary means to support brain
health and cognition across the lifespan (Davis et al., 2017; Lassale
et al., 2019; Sandhu et al., 2017; Scott et al., 2017). Phospholipids are
available from a variety of food sources. In addition, some foods are
particularly enriched with phospholipids, such as dairy products, soy-
bean and egg yolk (Fig. 1C) (Küllenberg et al., 2012). An imbalance in
phospholipid metabolism, signalling and transport has been reported in
some neurological conditions, such as stress-related disorders, de-
mentia, schizophrenia and Parkinson’s disease (Farooqui et al., 2000;
Müller et al., 2015; Zhao et al., 2018). In this context, a growing
number of studies are focusing on diets enriched in phospholipids as
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means to impact behaviour in general, and more precisely cognitive
processes, particularly during times of stress and in ageing (see
Küllenberg et al., 2012; Wehrmüller, 2008 for reviews).

Here we review both preclinical and human studies that have in-
vestigated phospholipid-mediated effects on brain health from infancy
to old age. Furthermore, we highlight the potential direct and indirect
mechanisms of action of these lipid-based interventions to promote
cognitive resilience from factors such as stress and ageing in vulnerable
populations. Together, accumulating evidence suggests that phospho-
lipid-enriched diets may be developed as novel nutritional strategies to
treat impaired cognition at different stages of life and under stress.

2. Distribution and source of phospholipids

2.1. Phospholipid content within the brain

The brain and the rest of the nervous system are particularly en-
riched in phospholipids and show a more diverse lipid composition
compared to other bodily tissues (Bozek et al., 2015; Sastry, 1985). The
varying concentrations of phospholipids in the entire rat brain include:
approximately 54 nmol/mg of tissue of phosphatidylethanolamine, 31
nmol/mg of phosphatidylcholine, 8 nmol/mg of phosphatidylserine and
5 nmol/mg of phosphatidylinositol (Fig. 1B) (Choi et al., 2018). The
levels of sphingomyelin are still not well-established but are thought to
be similar to those of phosphatidylethanolamine, at least in the hip-
pocampus and the prefrontal cortex of adult male rats (Oliveira et al.,
2016). To date, the levels of phospholipids are unknown in the human
brain, and further studies are needed to know if they are comparable to
those of rodents. At the cellular level, there are differences in the
amount of phospholipids in the plasma membranes, given that the inner
leaflet of the membrane, facing the cytoplasm, is rich in phosphatidy-
lethanolamine, phosphatidylserine and phosphatidylinositol, whereas
the outer part of the bilayer contains mostly phosphatidylcholine and
sphingomyelin. These levels can vary due to different conditions and
across different brain regions. For example, chronic stress has been
shown to increase phosphatidylcholine and phosphatidylethanolamine
levels in the whole brain of a mouse model of depression (Faria et al.,

2014), while no change was reported due to ageing in both rats and
humans (Fillerup and Mead, 1967; Zhang et al., 1996). Interestingly,
when the content of individual phospholipids was measured in specific
brain areas of rats, stress was found to decrease the amounts of phos-
phatidylethanolamine and sphingomyelin in the prefrontal cortex, and
of sphingomyelin in the hippocampus (Oliveira et al., 2016). Similarly,
old age seems to be accompanied with reduced levels of phosphati-
dylcholine and phosphatidylethanolamine in the hippocampus and the
frontal cortex in humans, as measured by high performance liquid
chromatography in individuals aged from 89 to 92 years old (Söderberg
et al., 1991, 1990).

Aligned with this evidence, it has been noted that diets enriched in
phospholipids can modulate behaviour including cognitive processes
(See Section 3). However, whether these modified diets lead to changes
in phospholipid concentration levels in the brain per se has only partly
been investigated. Indeed, phospholipid supplementation restored the
deficits in phospholipid composition in multiple brain regions in a
mouse model of n–3 polyunsaturated fatty acid deficiency, and this was
associated with improvement in learning (Carrié et al., 2000). Another
study has shown that rat maternal supplementation with a milk en-
riched in phospholipids during pregnancy and lactation led to changes
in neonatal brain lipid composition in rats (Gustavsson et al., 2010).
Specifically, at postnatal day 2, offspring from mothers receiving the
supplemented diet had a higher brain weight, but with unexpectedly
lower phospholipid levels compared to control offspring rats, showing
that the amount of phospholipids was not correlated with brain weight
in this study. However, the altered phospholipid levels were no longer
observed after weaning (at postnatal day 21), and the behaviour tested
in adulthood was similar between groups (Gustavsson et al., 2010).
Furthermore, when provided to mice from birth to adulthood, a diet
supplemented with phospholipids from bovine milk had no impact on
brain phospholipid composition, or the behaviour parameters assessed
in adulthood, indicating that the phospholipid-mediated effects may
not be long-lasting (Schipper et al., 2016). Although those studies
suggest an ability to recalibrate phospholipid levels in the brain fol-
lowing maturation, it is currently unknown why such beneficial effects
from phospholipids are not persistent. In contrast, piglets receiving

Fig. 1. Different classes of phospholipids. A: structure of the different phospholipids. B: Brain distribution of phospholipids per mg of tissue. C: Distribution of
phospholipids in the main dietary sources, expressed in % of total phospholipids (Choi et al., 2018).
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phospholipid supplementation throughout life had better memory
performance associated to higher brain weight and increased amounts
of both grey and white matter (Liu et al., 2014). It is unclear if this last
finding could be due to an increase in central phospholipid content in
those animals, nevertheless this study demonstrated a positive effect of
a phospholipid-enriched diet on cognitive processes.

Thus, while evidence suggests that the effects of dietary phospho-
lipid intake on cognitive behaviour may be associated with brain
phospholipid concentrations, it is likely that the supplementation needs
to be maintained for the effects to be observed. Another hypothesis
could be that the experimental design itself was not ideal to see changes
with these specific diets. For example, it is possible that the timing, the
dose of phospholipids, or perhaps the measured outcomes could yet be
optimized. Further investigations into the required duration of dietary
phospholipid supplementation for optimum brain health are now war-
ranted in preclinical and human studies.

2.2. Metabolism of phospholipids

Phospholipids can be synthesized de novo in almost all tissues, in-
cluding the brain. The reaction mostly takes place in the endoplasmic
reticulum, with phosphatidic acid and diacylglycerol as precursors (see
(Tracey et al., 2018) for review). As phospholipids are major con-
stituents of biological membranes, they are also present in almost all
types of food, being particularly abundant in egg yolk or soybean, in
addition to dairy products (Fig. 1C) (Küllenberg et al., 2012). Phos-
pholipids are broken down by enzymatic processes in the small intes-
tine, with the pancreatic phospholipase A2 metabolising phosphati-
dylcholine, phosphatidylethanolamine, phosphatidylserine,
phosphatidylinositol, and the alkaline sphingomyelinase acting on
sphingomyelin (Sun et al., 2009). This activity leads to the hydrolysis of
one acyl derivative, conducting to lysophospholipids, which are ab-
sorbed by enterocytes in the gastrointestinal tract. Then, a re-ester-
ification into phospholipids occurs within chylomicrons, themselves
released by exocytosis into blood circulation via lymphatic vessels (Sun
et al., 2009). However, the mechanism by which phospholipids can
reach the brain to exert their actions is still unknown and needs further
investigation.

2.3. Dietary sources of phospholipids

In both bovine and human mammary glands, milk is released by the
milk-producing cells as a globule surrounded by a lipid trilayer
(Fig. 2B), called milk fat globule membrane (MFGM) (Mather, 2011).
MFGM, has been associated with beneficial effects, particularly with
respect to brain development and function, which may be due to its
high phospholipid content (Mudd et al., 2016). This unique and

complex structure of MFGM, is described as a source of several bioac-
tive compounds, including phospholipids, that represent 60%–70% of
the different components of MFGM (Huang et al., 2019; Verardo et al.,
2017). The concentration of phospholipids in milk varies as function of
the stage of lactation, season, breed of animal, and may also be influ-
enced by maternal diet (Verardo et al., 2013; Wehrmüller, 2008).
Nevertheless, it is well established that the major phospholipids present
in milk are phosphatidylethanolamine (35.7%), phosphatidylcholine
(26%) and sphingomyelin (23%), whereas phosphatidylserine (7.2%)
and phosphatidylinositol (6.3%) are in smaller amounts, as measured
using high-performance liquid chromatography with an evaporative
light-scattering detector (Fig. 1C) (Wehrmüller, 2008). Egg yolk con-
tains high amounts of phosphatidylcholine, phosphatidylethanolamine,
sphingomyelin and phosphatidylinositol, that represent respectively
76.9%, 16.6%, 2.3% of the total phospholipid content (Fig. 1C)
(Wehrmüller, 2008). In addition, both lysophosphatidylcholine (3.3%)
and lysophosphatidylethanolamine (1.1%) are also present in egg yolk
(Blesso, 2015). The phospholipids present in soybean are phosphati-
dylcholine (44%), phosphatidylethanolamine (26.2%), and phosphati-
dylinositol (14%) (Fig. 1C) (Küllenberg et al., 2012; Wehrmüller,
2008).

It is noteworthy that some bacteria of the human gut microbiota
also produce phospholipids as metabolites. This is the case for the
commensal bacteria from the Bacteroidetes phylum that synthesize
sphingolipids (Brown et al., 2019). These particular bacteria-derived
phospholipids, have recently been characterized as essential for gut
homeostasis, since a lack in their expression resulted in increased in-
testinal inflammation, illustrating their critical role in intestinal health
(Brown et al., 2019). Interestingly, the brain and the gut are able to
influence each other through a system called the microbiota-gut-brain
axis (see Section 4.3) (Cryan et al., 2019). Accumulating evidence is
highlighting the plethora of functional metabolites derived from the
human gut bacteria (Chen et al., 2019; Cryan et al., 2018) and further
studies are now warranted on bacteria-derived phospholipids and their
potential impact on brain health.

3. Phospholipids as cognition enhancers across the lifespan

Dietary phospholipids have shown several benefits in health, in-
cluding improvements in cognition across the lifespan (Huang et al.,
2019; Küllenberg et al., 2012). It is noteworthy that in humans, cog-
nition encompasses all biological processes that include attention,
learning, memory, reasoning, judgment, decision making, problem
solving, understanding, eventually leading to knowledge formation and
use. In rodents, cognition is assessed mainly by measuring learning,
memory and attention (Wallace et al., 2015).

Fig. 2. A: Main functions of phospholipids.
Phospholipids modulate neuroplasticity
through the plasma membrane function or in-
tracellular signalisation. The dot stands for a
phosphate ion. B: Biosynthesis of phospholi-
pids in milk producing cells. The synthesis
starts in the endoplasmic reticulum (ER) and
after exocytosis, the fat is surrounded by a
trilayer membrane called milk fat globule
membrane.
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3.1. Early life

The impact of dietary phospholipids on cognitive processes in early
life has been investigated in only a few studies conducted in both ani-
mals and humans (Table 1). Postnatal diets enriched with phospholi-
pids were shown to impact cognition through enhancement of spatial
memory in piglets (Liu et al., 2014) and young rats (Guan et al., 2015a;
Park et al., 2013; Vickers et al., 2009), and recognition memory in adult
rats (Vickers et al., 2009). Mice fed with a phospholipid-enriched diet
from early life through adolescence exhibited improved working
memory in adolescence, whereas recognition memory was unchanged
(Schipper et al., 2016). However, when the same animals were tested
again in adulthood, no change was observed in working memory, while
recognition memory was enhanced in mice receiving the diet enriched
in phospholipids (Schipper et al., 2016). This last finding is question-
able because the animals receiving the control diet had poor memory
performances as shown by their inability to discriminate the novel
object (Schipper et al., 2016). Nevertheless, the discrepancies between
the observed effects in adolescence versus adulthood may be explained
by the fact that the diet was stopped before adulthood. As mentioned in
Section 2.1, the offspring of mothers undergoing phospholipid dietary
supplementation exhibited changes in brain phospholipid composition,
compared to pups from control mothers, which were no longer seen in
adulthood (Gustavsson et al., 2010). This suggests that phospholipid
supplementation may not have a long-term effect on behaviour per se.
Indeed, it is likely that those effects are only observed when animals are
receiving the phospholipid-enriched diets, which ceases when supple-
mentation stops. It is possible that phospholipids are not stored in a
long-term manner in cells and the excess is eliminated from the or-
ganism, which is not unusual as phospholipids in bilayer membranes
are rapidly turned over (Suetsugu et al., 2014). This needs to be studied
further, as to date, the long-term fate of phospholipids remains un-
known.

Early phospholipid supplementation has also been investigated in
humans. In two randomised double-blind controlled trials, infants were
given a formula, either supplemented with gangliosides from complex
milk lipid (Gurnida et al., 2012), or with MFGM (Timby et al., 2014).
The infants receiving the phospholipid-enriched diets displayed higher
cognitive performances than infants fed with standard formula, as
measured with IQ tests (Gurnida et al., 2012), or using Bayley Scales of
Infant and Toddler Development, Third Edition (Timby et al., 2014).
Similarly, MFGM supplemented formula was associated with lower
behavioural problems in school going children as reported by parents
(Farooqui et al., 2000; Veereman-Wauters et al., 2012; Wang et al.,
2018; Zhao et al., 2018). Interestingly, there was no difference in
cognitive performances between breast-fed infants and those fed with

phospholipid-enriched milk (Gurnida et al., 2012; Timby et al., 2014).
This further suggests that phospholipids present in human breast milk
may contribute to cognitive health. Moreover, infants provided with a
diet enriched only with sphingomyelin had higher score in tests asses-
sing the rate of infant intelligence compared to controls (Tanaka et al.,
2013), suggesting a particular high potency for this type of phospho-
lipid. The long-term effects of dietary phospholipids have not been well
studied in humans yet. It would be of great interest to evaluate cogni-
tion in adults that received an early life supplementation of phospho-
lipids. Nevertheless, infant studies have highlighted the positive impact
of dietary phospholipids on behaviour and cognition in early life.

It is noteworthy that the positive effects on cognitive processes of
phospholipids taken in early life may depend on intake postnatally,
since maternal supplementation with phospholipids during pregnancy
and lactation did not alter cognitive performances of mouse pups
(Gustavsson et al., 2010). This has been confirmed in humans, as sup-
plementing pregnant women with phosphatidylcholine did not result in
an enhanced cognitive function in the offspring (Cheatham et al.,
2012).

3.2. Adulthood

Few studies evaluated the impact of phospholipid enriched diets on
cognitive processes in adulthood, hence their potential therapeutic
benefits remain to be fully explored. Nevertheless, phosphatidylcholine
was demonstrated to improve maze-learning abilities in adult mice (Lim
and Suzuki, 2008). This may be partly due to the conversion of phos-
phatidylcholine into acetylcholine, because phosphatidylcholine intake
can restore memory deficits induced by low brain levels of acetylcho-
line in mice (Moriyama et al., 1996).

In adult humans, healthy subjects receiving a supplementation with
a milk phospholipid concentrate, had a tendency toward lower reaction
time when tested in a working memory task, highlighting better cog-
nitive performances associated with the intake of phospholipids
(Hellhammer et al., 2010).

3.3. Stress

Learning and memory can be altered in some pathological condi-
tions, such as in stress-related disorders (McEwen and Sapolsky, 1995;
Roca et al., 2015). In humans, the cognitive deficits related to chronic
stress exposure include disruption of attention, memory and executive
functions (Fjell et al., 2014; Iosifescu, 2012), which can be assessed in
animal models (Hölter et al., 2015; Tanila, 2018). In addition to the
effect of phospholipids on cognition in healthy individuals (Table 1),
the impact of phospholipid supplementation in a context of stress has

Table 2
Supplementation with dairy phospholipids improves disrupted cognition in stress and ageing.

Compound Dose and duration Species Model and cognitive function tested Limitations Reference

1,2-dilinoleoyl-sn-glycero-3-
phosphocholine

1 mg/kg per day for
7 days

Mouse Chronic restraint stress in adults;
↑ spatial memory

- The depressive-like behaviour could be
measured by other means than just forced
swim test

Kanno et al.
(2014)

Complex milk lipids ∼850 mg/kg per
day for 60 days

Rat Old rats;
↑ spatial memory

- Locomotor activity of animals is lacking Guan et al.
(2015b)

MFGM ∼715 mg/kg per
day for 10–11 weeks

Rat Maternal separation;
↑ spatial memory

- Effects of treatments on specific
neuroplasticity measures not assessed

O’Mahony et al.
(2019)

Bovine milk-derived phospholipid
drink

2.7 g per day for 6
weeks

Human Adults with high stress-load;
↑ attention-switching

- No effect on cortisol levels Boyle et al. (2019)

Phosphatidylserine 300 mg per day for 6
months

Human Geriatric subjects with cognitive
impairments;
↑ learning and verbal memory

- Levels of cortisol are not consistent
throughout the study
- The generalizability of “high-perfectionist
men” to other chronic stress states unclear

Cenacchi et al.
(1993)

Phosphatidylserine 300 mg per day for
16 weeks

Human Old subjects with mild primary
degenerative dementia according to
DSM-III;
↑ immediate nonverbal memory

- Dementia and mood were not changed
- The positive benefits of phospholipids only
rely on the clinical global impression scale.

Engel et al. (1992)
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also been investigated (Table 2). A diet enriched in phospholipids was
shown to reduce stress-induced cognitive deficits.

Rats submitted to maternal separation and receiving an MFGM-en-
riched diet after weaning had greater spatial memory performance in
the Morris water maze test compared to rats receiving the control diet
(O’Mahony et al., 2019). The benefits of MFGM may at least in part be
due to phosphatidylcholine, one of the major phospholipids present in
milk and brain. Indeed, a diet supplemented with phosphatidylcholine
given to mice subjected to restraint stress, reduced the depressive-like
behaviour as assessed in the forced swim test (Kanno et al., 2014). This
finding was replicated in another mouse model of depression, one
generated by the inoculation of the human papillomavirus vaccine, or
its adjuvant aluminium hydroxide. In female mice, this resulted in a
depressive-like behaviour and cognitive impairments being attenuated
by a phospholipid intake (Inbar et al., 2017; Kivity et al., 2017).

These results have been replicated in humans, where subjects with a
high stress-load, and receiving a diet supplemented with milk phos-
pholipids, exhibited better memory performance in an attention-
switching task (Table 2) (Boyle et al., 2019). In addition, supple-
menting MFGM in the diet is related to changes in gut bacteria and
further lessened the impact of stress on sleep in children (Thompson
et al., 2017). Another study conducted in men with high self reported
stress levels also suggested that a diet supplemented with phospholipids
may attenuate stress-induced memory impairments (Schubert et al.,
2011). The specific mechanisms of action of phospholipid mediated
amelioration of stress-induced cognitive deficits remains to be eluci-
dated. Taken together, these data suggest that the effects of phospho-
lipids may be related to activity in the stress pathways, hence leading to
potential therapeutic effects on stress-related conditions.

3.4. Elderly

The effects of a diet rich in phospholipids on cognitive deficits re-
lated to ageing were explored in preclinical studies. One study used a
diet supplemented with complex milk lipid concentrate rich in phos-
pholipids (Guan et al., 2015b), and another used an oral administration
of phosphatidylserine isolated from krill or soy (Lee et al., 2010). In
both studies, phospholipids improved the spatial memory of aged rats
tested in the Morris water maze (Guan et al., 2015b; Lee et al., 2010),
which could be due to modulation of cholinergic neurotransmission, as
suggested by the authors, although direct evidence remains elusive.

Early studies showed that phosphatidylserine intake could have a
compensatory effect on cognitive deficits related to the elderly and
Alzheimer's Disease in humans (Table 2) (Cenacchi et al., 1993; Engel
et al., 1992). More precisely, phosphatidylserine was able to improve
behaviour and cognition in patients with cognitive impairments
(Cenacchi et al., 1993), and normalized electroencephalogram mea-
sures in patients with mild primary degenerative dementia (Engel et al.,

1992). This was the first evidence showing that phospholipids could be
serious candidates for the improvement of cognition in pathological and
neurodegenerative conditions. In terms of age-induced neurochemical
changes, the phospholipid content was shown to be reduced in several
parts of the brain of aged subjects, including the white and grey matters
and the hippocampus (Söderberg et al., 1990), whereas no change was
reported in the frontal and the temporal cortices (Svennerholm et al.,
1994). Despite these studies, it is not yet established whether a decrease
in phospholipid levels and metabolism could play a critical role in the
onset of cognitive decline associated with ageing.

4. Mechanism of action of phospholipids

Neuroplasticity is one of the key biological substrates for cognition
and can be defined as the adaptive response of brain cells to internal or
external stimuli, occurring throughout life in key brain regions such as
the hippocampus and the prefrontal cortex. These changes involve
membrane-related processes, leading to growth or regression of cellular
processes (Lefebvre et al., 2015), remodelling of dendritic spines
(Hering and Sheng, 2001), and activation of intracellular signalling
pathways (Kumar, 2005). Moreover, both neuroplasticity and cognition
are under the influence of several systems, including the hypothalamic-
pituitary-adrenal (HPA) and the microbiota-gut-brain axes, and little
evidence has shown these systems can be influenced by phospholipids.

4.1. Impact of phospholipids on neuronal transmission

Early studies have shown that neurotransmitter receptor activity
could be modulated by phosphoinositides, which are phospholipid de-
rivatives from phosphatidylinositol (Downes, 1983). Moreover, neuro-
transmitter receptors can recruit phosphoinositides as a signal-trans-
duction system (Nicoletti et al., 1986). These data were the first to
directly link phospholipid metabolism to neuronal transmission.

Interestingly, the intake of phospholipid-enriched diets during
postnatal brain development was found to increase the number of
striatal terminals (Fig. 3) (Guan et al., 2015a). More precisely, elevated
nigral dopamine expression was measured following phospholipid in-
take, along with a rise in dopamine and acetylcholine outputs in the
striatum (Fig. 3) (Guillermo et al., 2015). Acetylcholine can be syn-
thesized from phosphatidylcholine, phosphatidylethanolamine, or
sphingomyelin (Jope and Jenden, 1979; Zeisel et al., 1991). Given the
role of acetylcholine and cholinergic neurotransmission in both brain
development and cognition (Picciotto et al., 2012; Wilson and Fadel,
2017), it is possible that phospholipid-supplemented diets provide more
substrate for acetylcholine production. In addition, phosphoinositides
are essential not only for synaptic vesicle trafficking at the presynaptic
compartment, but also for receptor endocytosis and exocytosis at the
postsynaptic side, together with regulation of the spine morphology

Fig. 3. Effects of phospholipid-enriched diets
on neuroplasticity in rodents. A phospholipid
dietary supplementation was demonstrated to
increase the levels of dopamine and acet-
ylcholine in the striatum (left panel), gluta-
mate receptors in CA1, CA2 and the dentate
gyrus, the expression of synaptophysin and the
number of astrocytes in the hippocampus
(right panel).
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(Frere et al., 2012; Lauwers et al., 2016; Ueda, 2014). Phospholipid-
enriched diet induced an increase in glutamate receptor density in CA1-
2 and the dentate gyrus (Fig. 3) (Guan et al., 2015a), but not in CA3
(Guillermo et al., 2015). Therefore, phospholipid supplementation
during early life could act on glutamate neurotransmission, but only in
specific hippocampal subregions. In contrast, the number of astrocytes
and synaptophysin expression in CA3 were increased following dietary
phospholipid intake (Fig. 3) (Guillermo et al., 2015). Synaptophysin is a
presynaptic protein involved in the release of vesicles containing neu-
rotransmitters. Therefore, these data indicate that phospholipid sup-
plementation during early life could regulate glutamate neuro-
transmission and synaptophysin expression in specific hippocampal
subregions, suggesting that they are able to activate different neuro-
plasticity processes in a context-dependent manner.

4.2. Impact of phospholipids on intracellular signalling

Membrane-bound phospholipids are important for intracellular
signalling pathways (Berridge and Irvine, 1984), given that they can be
converted into second messengers. Indeed, phosphatidylinositol can be
reversibly phosphorylated at the positions 3, 4, or 5 of the inositol
hydroxyl group, by diverse kinases, resulting in seven different species
located heterogeneously in the cells (Dickson and Hille, 2019). One of
these enzymes is the phosphoinositide 3-kinase (PI3-kinase), activated
by phosphorylation at the plasma membrane either by an active growth
factor receptor, with a tyrosine kinase activity, or following G protein-
coupled receptor activation (Cantley, 2002). The PI3-kinase converts
phosphatidylinositol-4,5-bisphosphate (PIP2), which is located at the
plasma membrane, into phosphatidylinositol-3,4,5-trisphosphate,
which eventually stimulates the phosphorylation of Akt by phosphoi-
nositide-dependent kinase 1 (Lawlor and Alessi, 2001). Once Akt is
activated, it triggers the phosphorylation of a range of proteins affecting
numerous cell processes, including cycle entry, growth and survival
(Brunet et al., 2001; Cantley, 2002). A large body of evidence has de-
monstrated the involvement of nerve growth factor and cholinergic
neurotransmission in memory processes. Indeed, nerve growth factor is
critical for the maintenance of cholinergic neurotransmission in ageing
(Claudio Cuello et al., 2019), and can improve memory in aged rats via
increasing acetylcholine levels in the parietal cortex and the hippo-
campus (Scali et al., 1994). As mentioned in the Section 4.1., acet-
ylcholine can be synthetized from phospholipids. There is therefore a
plausible direct connection between the phospholipid metabolism and
growth factor signalling. Further studies are required to disentangle the
relative contribution of such interactions to cognitive enhancing effects
of phospholipids.

The PI3-kinase signalling pathway can be activated by the tyrosine
kinase activity of growth factor receptors, so in addition to cholinergic
pathways, phospholipid activity on cognitive processes could be due to
the recruitment of the PI3-kinase (Kitagishi et al., 2012; O’Neill, 2013).
In the context of stress, it was reported that the activation of this kinase
was reduced in the prefrontal cortex of depressed patients that com-
mitted suicide (Karege et al., 2011), and that antidepressants could
increase the activation of the PI3-kinase/Akt pathway by potentiating
the synthesis of phosphatidylinositol (Müller et al., 2015). In addition,
when mice are submitted to restraint stress, hypothalamic activation of
Akt is reduced, which was reversed by a phosphatidylcholine-enriched
diet (Kanno et al., 2014), suggesting that phosphatidylcholine could
also modulate the PI3-kinase pathway. Given these data, diet supple-
mentation with phospholipids could provide more substrate for this
pathway, which may contribute to improved cognition in stressed in-
dividuals.

4.3. The hypothalamic-pituitary-adrenal axis

Humans and rodents subjected to stress exhibit disrupted cognition
depending on the duration, chronicity and temporality of the stressor.
When a stressor is perceived by the organism, the hypothalamic-pitui-
tary-adrenal (HPA) axis is activated, leading to the production of glu-
cocorticoids (cortisol in humans and corticosterone in rodents), the
levels of which are eventually reduced at the end of the stress (Fig. 4).
The activity of the HPA axis can be assessed by measuring the level of
plasma glucocorticoids after an acute stress exposure. In addition, high
levels of glucocorticoids are reported in both stress-related disorders
and ageing (Lupien et al., 1998; Zunszain et al., 2011), and it is well
accepted that they could be responsible for the reported altered cog-
nition (Buchanan and Tranel, 2008; Lupien et al., 2007). Lysopho-
sphatidylcholine, a metabolite of phosphatidylcholine, has been shown
to be positively correlated to corticosterone concentration in blood in
rats (Oliveira et al., 2016), giving evidence of a potential link between
the activity of the HPA axis and phospholipid metabolism. In the rat
maternal separation model, a diet supplemented with MFGM normal-
ised the HPA axis response to restraint stress (O’Mahony et al., 2019).
Moreover, early work suggests that phospholipid intake could reduce
stress-induced elevation of plasma cortisol in healthy men (Monteleone
et al., 1992), which was replicated in a more recent study (Starks et al.,
2008). This blunted response to stress was also seen in subjects with
high stress load as a result of exposure to a psychosocial stress, leading
to reduced serum and salivary cortisol levels after milk phospholipid
consumption (Hellhammer et al., 2010). Interestingly, some studies also
investigated cognition in this context, and revealed that phospholipids

Fig. 4. The HPA axis and the gut microbiota modulate cognition. Stress and ageing can disrupt cognition and alter the HPA axis and the microbiota-gut-brain axis,
while phospholipids can positively modulate them. HPA: hypothalamic-pituitary-adrenal. MGB: microbiota gut brain.
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increased working memory in humans tested in the Trier Social Stress
Test (Hellhammer et al., 2010; Schubert et al., 2011). On the other
hand, a study in men considered as perfectionist (as assessed with
questionnaires) have a higher cortisol responsivity when exposed to an
acute stressor than control subjects (Wirtz et al., 2007), and this was
unchanged after a chronic phospholipid intake, although enhanced
memory was reported (Boyle et al., 2019).

Taken together, human studies strongly suggest that a diet supple-
mented with phospholipids could alleviate some cognitive deficits re-
lated to a stress state. However, the chronic intake of phospholipids
does not always reduce the activity of the HPA axis per se, showing that
other systems may be involved in phospholipid-mediated improve-
ments on cognition.

4.4. The microbiota-gut-brain axis

The brain and the gut are able to communicate in a bidirectional
way, through a system called the microbiota-gut-brain axis (Cryan
et al., 2019; Sherwin et al., 2016). In addition, the gut microbiota is
known to contribute to the normal development of the brain (Foster
et al., 2016; Heijtz et al., 2011). It has long been postulated that the
major establishment of gut microbiota starts at birth and continues to
vary throughout life, being under the influence of both internal and
environmental factors (Cryan et al., 2019; Dinan and Cryan, 2017). The
first bacteria that thrive are aerobic or facultative anaerobic bacteria
that will consume the oxygen present, to allow the growth of anaerobic
bacteria that become predominant in the mature gut (Le Hurou-Luron
et al., 2010). A large body of evidence highlights that the gut micro-
biota could be involved in cognition in both humans and rodents (Bravo
et al., 2011; Cryan and Dinan, 2012; Desbonnet et al., 2015; Gareau,
2014; Messaoudi et al., 2011; Savignac et al., 2015). Studies conducted
in germ-free animals or normal mice receiving either an antibiotic
treatment, or colonized with Citrobacter rodentium, found that these
animals exhibited impaired memory performances compared to con-
trols (Fig. 4) (Fröhlich et al., 2016; Gareau et al., 2011). Interestingly,
these deficits were reversed by the administration of specific probiotic
strains, which are live beneficial bacteria that have a positive impact on
health (Gareau et al., 2011), further showing that modulation of the gut
microbiota can impact cognitive functions. In addition, the combination
of dairy lipids and probiotics in formula given to piglets was shown to
contribute to the maturation of the gut microbiota (Lemaire et al.,
2018). Given these data, and since phospholipids have a positive impact
on cognition, it could be hypothesized that phospholipids act through
gut microbiota to exert their positive activity on cognition. The gut
microbiota composition was also reported to be altered by a phospho-
lipid-enriched diet. Indeed, piglets fed with a mixture of bioactive
components from cow milk, including phospholipids, had higher re-
lative abundance of Bacteroidetes and lower proportion of Proteo-
bacteria in the ascending colon compared to controls (Berding et al.,
2016). Another study showed that a diet enriched in milk-derived
sphingomyelin could alter distal gut microbiota phylogenetic abun-
dance as well as Gram-negative bacteria (Norris et al., 2016). This
suggests a potential involvement of gut microbiota in the mechanism of
action of phospholipids in the context of cognition enhancement, and
further investigation is warranted to shed light on this exciting area of
diet-microbiota-host interaction for cognitive function and brain health.

5. Future directions

5.1. Mechanism of action

Although the body of evidence regarding the positive impact of
phospholipids on cognitive processes is growing, further questions still
need to be addressed. First, it is unclear if a phospholipid supple-
mentation in diet leads to an increase in their brain levels, and if dietary
phospholipids actually cross the blood-brain barrier, reach the brain to

exert their action on cognition. It would also be interesting to measure
the actual levels of phospholipids in both plasma and brain after a
supplementation in diet, and perhaps tag those phospholipids to study
their fate.

On the other hand, the activity of phospholipids on the microbiota-
gut-brain axis is still poorly characterised. Few published experiments
have begun to elucidate their action on the brain, and in particular
neuroplasticity. However, these studies need to be broadened to better
understand the consequences of an intake of dietary phospholipids on
brain and intermediate systems such as the gut microbiota, neuro-
transmission, and the HPA axis. In addition to the mechanism of action
of phospholipids, other systems that might be influenced by phospho-
lipids have to be examined.

5.2. Phospholipids as nutritional strategy

Reports showed that phospholipids were able to promote cognition
in some situations. However, it is probable that the protocol of phos-
pholipid supplementation still needs to be optimized. First, future stu-
dies should also consider adding females on their protocols, since al-
most all the work conducted to date has been done in males only. In
addition, as discussed above, the behavioural benefits of a diet enriched
in phospholipids could not be permanent, since once the supple-
mentation stops, the abilities of subjects are no longer different than
those from controls (see Section 3.1). So, it is possible that this strategy
should be maintained in order to have positive effects on cognition.
Intervention in adulthood need also to be studied more in depth. In-
deed, only few works were conducted, suggesting a potential ther-
apeutic benefit that still needs to be demonstrated.

Regarding human studies, further work needs to be done including
the effect of a diet enriched in phospholipids on different clinical po-
pulations in which cognitive deficits are present, including patients
with stress-related disorders, mild cognitive impairments, or even
schizophrenia. Brain imaging could also help to see the functional
consequences of a chronic intake in phospholipids through the diet.

6. Concluding remarks

Fat is often primarily seen as a negative thing. However, there is a
growing understanding of the effects of dietary phospholipids and other
fats on brain health. This is most notable in studies investigating the
ability of phospholipids to improve cognition across the lifespan in both
physiological and pathological conditions. This supports the idea that
dietary interventions are useful and easy tools to manipulate brain
functions.
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