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Abstract: Docosahexaenoic acid (DHA, 22:6n-3) is an omega-3 polyunsaturated fatty acid (PUFA)
essential for neural development, learning, and vision. Although DHA can be provided to humans
through nutrition and synthesized in vivo from its precursor alpha-linolenic acid (ALA, 18:3n-3),
deficiencies in cerebral DHA level were associated with neurodegenerative diseases including Parkin-
son’s and Alzheimer’s diseases. The aim of this review was to develop a complete understanding
of previous and current approaches and suggest future approaches to target the brain with DHA in
different lipids’ forms for potential prevention and treatment of neurodegenerative diseases. Since
glycerophospholipids (GPs) play a crucial role in DHA transport to the brain, we explored their
biosynthesis and remodeling pathways with a focus on cerebral PUFA remodeling. Following this,
we discussed the brain content and biological properties of phospholipids (PLs) and Lyso-PLs with
omega-3 PUFA focusing on DHA’s beneficial effects in healthy conditions and brain disorders. We
emphasized the cerebral accretion of DHA when esterified at sn-2 position of PLs and Lyso-PLs.
Finally, we highlighted the importance of DHA-rich Lyso-PLs’ development for pharmaceutical appli-
cations since most commercially available DHA formulations are in the form of PLs or triglycerides,
which are not the preferred transporter of DHA to the brain.

Keywords: docosahexaenoic acid; phospholipids; lysophospholipids; cerebral accretion; neurodegen-
erative diseases

1. Introduction

Docosahexaenoic acid (DHA, 22:6n-3) is the main polyunsaturated fatty acid (PUFA)
in brain tissues essential for normal brain development and function. DHA bioconversion
from alpha-linolenic acid (ALA, 18:3n-3) is limited in mammals (less than 1% in human [1]).
This endogenous supply of DHA does not compensate for its cerebral deficiencies in
patients suffering from neurodegenerative diseases. An exogenous resource of DHA is
required to compensate for these deficiencies. Therefore, new therapeutic approaches to
target the brain with DHA are needed, taking into consideration the difficulties associated
with delivering materials across the highly restrictive blood–brain barrier (BBB) [2].

For many decades, researchers have highlighted the importance of brain targeting
with DHA for prevention and potential treatment of neurodegenerative diseases.

The cerebral bioavailability of the physiological form of DHA including non-esterified
DHA, DHA esterified in lysophospholipids (Lyso-PLs), phospholipids (PLs), and triglyc-
erides (TGs) were investigated. In addition, researchers suggested some structured phos-
pholipids as a vehicle of DHA to the brain [2–5].

In this context, researchers showed through in vitro and in vivo studies that 1-lyso,2-
docosahexaenoyl,glycerophosphocholine LysoPC-DHA was a favored functional carrier
of DHA to the brain when compared to non-esterified DHA [6,7]. This preference was
only observed in the brain but not in the liver, kidney, or heart, which even prefer the
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free form of DHA [7]. Additionally, researchers considered the cerebral accretion of a
structured phosphatidylcholine to mimic Lyso-PC-DHA, named AceDoPC® (1-acetyl,
2-docosahexaenoyl-glycerophosphocholine), which can be considered a stabilized physio-
logical Lyso-PC-DHA [8]. Moreover, the bioavailability of DHA esterified at sn-2 position
of different PLs including phosphatidylserine (PS-DHA), phosphatidylcholine (PC-DHA),
and phosphatidylethanolamine (PE-DHA) were considered suggesting that PS and PC
were the privileged carriers of DHA to the brain in comparison to PE [9]. Thus, diverse
mechanisms could explain these differences in cerebral bioavailability of different DHA
lipid carriers.

Researchers studied the cerebral accretion of different PL-DHA and Lyso-PC-DHA;
however, to our knowledge, the brain bioavailability of different forms of Lyso-PL-DHA in
comparison to free DHA or other lipids’ forms of esterified DHA have not yet been explored.

The present review focused on the emerging role of several lipids carrying DHA to
the brain for potential prevention and treatment of neurodegenerative diseases. Since
glycerophospholipids (GPs) are essential constituents of the cell membrane and partici-
pate in DHA transport, to better understand their biochemistry, we first introduced de
novo GPs biosynthesis including phosphatidic acid (PA), phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG) and phos-
phatidylinositol (PI) biosynthesis. In addition to de novo synthesis, alternative pathways
responsible for fatty acids’ remodeling in PLs such as de-acylation, re-acylation, and
transacylation pathways were covered in this review. Following this, we discussed the
main PLs and their fatty acids composition found in the brain. Since DHA can also be
esterified in cerebral Lyso-PLs, properties and biological functions of several Lyso-PLs
including lysophosphatidylcholine (Lyso-PC), lysophosphatidylethanolamine (Lyso-PE),
lysophosphatidylserine (Lyso-PS) and lysophosphatidic acid (Lyso-PA) were highlighted.
After discussing DHA’s benefits in healthy conditions and cerebral disorders, we focused
on DHA’s transport to the brain and effects when esterified at sn-2 position of several GPs
including PLs, structured PLs, Lyso-PLs, and TGs. We explained the chemical, biochemical,
and nutritional properties of the sn-2 position. Finally, we focused on the need to develop
and compare the cerebral accretion of Lyso-PC, Lyso-PE, Lyso-PS, Lyso-PI, Lyso-PG, and
Lyso-PA in comparison to the non-esterified form of DHA.

2. Glycerophospholipids
2.1. Biosynthesis of Glycerophospholipids

Glycerophospholipids (GPs) are vital elements of cell membranes since they represent
80% of total membrane lipids. These lipids contain fatty acids (FAs) at sn-1 and sn-2
positions of a glycerol backbone and a phosphate moiety at sn-3 position on which a polar
head is esterified. GPs are amphiphilic molecules with a phosphate group and polar head,
which constitute the hydrophilic part, while acyl chains and glycerol form the hydrophobic
moiety. Regarding FA composition, sn-1 position is often occupied by a saturated fatty
acid whereas an unsaturated (mono or polyunsaturated) fatty acid is found at sn-2 position.
Additionally, FA composition of GPs influences the membrane’s fluidity; the shorter and
more unsaturated the carbon chains of FAs are, the more fluid the membrane.

In each tissue, cell membranes contain distinct composition of different GPs.
Via the de novo route, different GPs with diverse polar heads at sn-3 position of glyc-

erol, such as phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), phosphatidylglycerol (PG), and phosphatidylinositol (PI)
are generated [10]. Figure 1 illustrates the structure of common GPs.

Kennedy and Weiss were the first to describe GPs’ biosynthesis or de novo synthesis
in 1956. De novo synthesis starts with sn-glycerol-3-phosphate synthesis through dihy-
droxyacetone phosphate’s reduction or in a minority by glycerol’s phosphorylation. In this
section, we discussed de novo synthesis of different PLs including PA, PC, PE, PS, and PG
along with the main cerebral metabolic pathways involved.



Int. J. Mol. Sci. 2022, 23, 3969 3 of 27

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 27 
 

 

 
Figure 1. Structures of glycerophospholipids (GPs). R1, R2, and X are variables at sn-1, sn-2, and sn-
3 positions, respectively. Depending on the head group at sn-3 position, several GPs are formed. 
PA: phosphate; PPA: pyrophosphate; PE: phosphatidylethanolamine; PC: phosphatidylcholine; PS: 
phosphatidylserine; PG: phosphoglycerol; PI: phosphoinositol [10]. (Copyright © 2022, Yetukuri et 
al.; licensee BioMed Central Ltd.). 
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Phosphatidic acid (PA) is the common intermediate in all PLs’ synthesis. Lysophos-
phatidic acid is first formed from sn-glycerol-3-phosphate by acylation in the presence of 
sn-glycerol-3-phosphate acyltransferase (GPATs) and acyl-CoA. Following, a second ac-
ylation of lysophosphatidic acid in the presence of 1-acyl-sn-glycerol-3-phosphate acyl-
transferase (AGPATs) and acyl-CoA will lead to PA formation (Figure 2). PA is trans-
formed into sn-1,2-diacylglycerol (DAG) by a phosphatidic acid phosphatase, releasing a 
phosphate group (Pi). DAG is the precursor of PCs and PEs. 

Likewise, PIs and PGs are synthesized from phosphatidic acid. 

 
Figure 2. De novo synthesis of sn-1,2-diacyl glycerophospholipids [11]. From sn-glycerol-3-phos-
phate to the formation of sn-1,2-diacylglycerol (DAG), several enzymes are involved: GPATs, 
AGPATs, and phosphatidic acid phosphatase. DAG is the precursor of PE and PC whereas PI and 
PG are produced through phosphatidic acid. Reprinted with permission from Ref. [11]. Copyright 

Figure 1. Structures of glycerophospholipids (GPs). R1, R2, and X are variables at sn-1, sn-2,
and sn-3 positions, respectively. Depending on the head group at sn-3 position, several GPs are
formed. PA: phosphate; PPA: pyrophosphate; PE: phosphatidylethanolamine; PC: phosphatidyl-
choline; PS: phosphatidylserine; PG: phosphoglycerol; PI: phosphoinositol [10]. (Copyright © 2022,
Yetukuri et al.; licensee BioMed Central Ltd., London, UK).

Phosphatidic acid (PA) is the common intermediate in all PLs’ synthesis. Lysophos-
phatidic acid is first formed from sn-glycerol-3-phosphate by acylation in the presence
of sn-glycerol-3-phosphate acyltransferase (GPATs) and acyl-CoA. Following, a second
acylation of lysophosphatidic acid in the presence of 1-acyl-sn-glycerol-3-phosphate acyl-
transferase (AGPATs) and acyl-CoA will lead to PA formation (Figure 2). PA is transformed
into sn-1,2-diacylglycerol (DAG) by a phosphatidic acid phosphatase, releasing a phosphate
group (Pi). DAG is the precursor of PCs and PEs.
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Figure 2. De novo synthesis of sn-1,2-diacyl glycerophospholipids [11]. From sn-glycerol-3-phosphate
to the formation of sn-1,2-diacylglycerol (DAG), several enzymes are involved: GPATs, AGPATs,
and phosphatidic acid phosphatase. DAG is the precursor of PE and PC whereas PI and PG are
produced through phosphatidic acid. Reprinted with permission from Ref. [11]. Copyright 2022,
Elsevier and Copyright Clearance Center. More details on “Copyright and Licensing” are available
via the following link: https://www.elsevier.com/authors/permission-request-form (access on
7 January 2022).
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Likewise, PIs and PGs are synthesized from phosphatidic acid.
PC is one of the major PLs (35 to 50%) in cell membranes and is mainly synthesized

in the Golgi apparatus and mitochondria [12]. PC is found in the outer layer of a cell’s
membrane. The main pathway for PC synthesis is from choline via the Kennedy pathway or
the cytidine diphosphate-choline (CDP−choline) pathway (Figure 3) [13]. There is another
pathway for PC biosynthesis from PE following three successive methylations.
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Figure 3. Cytidine diphosphate-choline (CDP−choline) pathway for PC synthesis. Phosphatidyl-
choline or phosphocholine (PC) is formed from choline in the presence of choline kinase and ATP.
Then, PC leads to the formation of CDP−choline with the action of choline phosphatase cytidyltrans-
ferase. The last step concerns the combination of both CDP−choline and diacylglycerides (DG) to
form PC.

Previous studies have shown that FAs’ nature, esterified at sn-1 and sn-2 positions of
PCs, influences one or more synthetic pathways. The CDP−choline pathway is favored
when FAs are saturated with medium chain. In the case of PUFA (DHA, AA, EPA), the PE
methylation route is preferred [14].

In the CDP-choline route, choline enters the cell via facilitated diffusion where it is
phosphorylated in the presence of choline kinase to form phosphocholine.

In the brain, Ross et al. in 1997 [15] suggested that the human brain has two forms
of choline kinase or two sites on the same enzyme, one with low affinity and the second
with high affinity for choline. The relative importance of these two sites depends on the
concentration of cerebral choline.

Next, phosphocholine in the presence of choline phosphatase cytidyltransferase and
cytidine triphosphate (CTP) results in the formation of CDP−choline. The last step is the
combination of CDP−choline with DAG (formed from phosphatidic acid as mentioned
above), in the presence of microsomal choline phosphotransferase (CPM) to form PC
(Figure 3).

The biosynthesis of PC from PE takes place in hepatic microsomes. PE is grad-
ually methylated to mono-, di-, and trimethylPE under phosphatidylethanolamine N-
methyltransferase (PMETase)’s action in presence of a methyl group donor, S-adenosylmeth-
ionine [16]. PE’s methylation is associated with signal transduction and AA-rich PCs’
synthesis [17].

In rat brain, methylation activities of PL have been identified in myelin [18]. PEs’
methylation is very active in axons [16]. Another study, carried out by Tsvetnitsky in
1995, recommended that rat brain myelin contains different isoforms of phospholipid N-
methyltransferase (PLMTase) [19]. Brain phosphatidylethanolamine N-methyltransferase
(PEMTase) activity is influenced by n-6 PUFA levels in the diet and n-6/n-3 PUFA ratios.

Different synthetic routes have been demonstrated for PE’s biosynthesis. A synthetic
route similar to that of PC has been described where ethanolamine replaces choline and PE
replaces PC. This synthetic pathway happens in the endoplasmic reticulum where the PL’s
polar heads can interchange [20].
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Another synthetic route for PE consists of PS decarboxylation in mitochondria in the
presence of PS decarboxylase (Figure 4).
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PSs are formed from PEs by a calcium-dependent base exchange reaction in endoplas-
mic reticulum [21]. This reaction can also occur by exchanging the choline in PC with serine.
Two specific enzymes are known: PS synthase-1 (PSS1) which exchanges choline and serine,
and PS synthase-2 (PSS2) which replaces the ethanolamine function with serine [22].

PIs are synthesized from inositol and CDP-DG in the presence of PI-synthase following
a synthetic route similar to that of PC described in Figure 3.

Concerning PGs synthesis, first, CDP-DG reacts with glycerol-3-phosphate to form
PG-phosphate, which is then hydrolyzed to form PG [23]. Cardiolipids are diphosphatidyl-
glycerol in which two phosphatidic acids symmetrically esterify the two primary alcohol
functions of the same glycerol molecule and are formed in mitochondria from PG and
CDP-DG in the presence of cardiolipin-synthase [24]. Cardiolipids, which constitute 9 to
15% of the cardiac membrane, were revealed in bovine hearts by Pangborn in 1942 and
their biosynthesis was described in a rat’s heart in 1994 [25].

In addition to all GPs mentioned above, plasmalogens constitute a particular class of
membrane GPs with a unique structural characteristic vinyl ether group, -0-CH=CH-, at
sn-1 position of glycerol instead of the usual ester function. FAs (C16:0, C18:0, and C18:1)
are predominant at the sn-1 position of glycerol while FAs’ composition at sn-2 position
varies with tissues.

Plasmalogens are a minority in organs such as the liver and the kidney whereas they
are abundant in myocardium and brain. In neurons, plasmalogens rich in PUFA (AA and
DHA) are the most abundant and ethanolamine plasmalogens (EtnPlsm) represent 40–60%
of the brain PE [26].

2.2. Remodeling of Gylcerophospholipids

In addition to de novo synthesis, alternative pathways are responsible for remodeling
FA composition of PLs. Lands and Merkel proposed a phospholipid remodeling mechanism
through a de-acylation/re-acylation cycle known as the Lands cycle (Figure 5) [27]. Another
PLs’ remodeling mechanism involves transacylation reactions dependent or independent
of coenzyme A (Figure 6). These phospholipid-remodeling mechanisms occur in the
presence of several enzymes, some of which have substrate specificities for SFA or PUFA
and for various PL subclasses. In addition to Lands cycle and transacylation pathways,
PL’s remodeling also involves different phospholipases by releasing PUFAs from cell
membranes’ GPs.

2.2.1. De-Acylation/re-Acylation Pathways

PL’s remodeling pathway, or Lands pathway, requires release of fatty acyls by a
phospholipase A1 (PLA1) or A2 (PLA2), thus generating a Lysophospholipid (Lyso-PL)
(Figure 5). Esterification of a new FA in Lyso-PL then takes place following two stages.

First, FA is activated as acyl-CoA. The reaction is catalyzed by an acyl-CoA synthetase
and requires ATP and Mg2+. Acyl-CoA synthetase activity has been shown to be higher for
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AA in most tissues than other FA [28,29]. DHA-CoA synthetase activity has been measured
in extracts from brains [30] and from rat retinas. Another enzyme, acyl-CoA hydrolase,
catalyzes fatty acid and coenzyme A’s dissociation.

The second step is acyl-CoA’s transfer to a Lyso-PL. This step is catalyzed by an
acyl-CoA: Lyso-PL acyltransferase. Acyl-CoA: 1-acyl-2-lysoPC acyltransferase activity has
been described in cytosolic and microsomal fractions of many tissues and cells in different
species [31].
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Figure 5. De-acylation/re-acylation cycle (Lands pathway) [31]. Lands pathway is a phospholipid
remodeling mechanism through the de-acylation/re-acylation cycle where Lyso-PL is produced from
PL through PLA2 action or from acyl-CoA through acyl-CoA-hydrolase’s action. Lyso-PL with the
action of acyl-CoA-acyltransferase and in the presence of FA leads to PL production. (Copyright ©
2022, Elsevier).

2.2.2. Transacylation Pathways

In addition to acyl-CoA catalyzed de-acylation/re-acylation pathways described above
and illustrated in this section (Figure 6A), Lyso-PL’s re-acylation can also be carried out by
a transacylation mechanism using PL (Figure 6B,C).

Various enzymes called transacylases that also have substrate specificities for trans-
ferred FA and for “donor” or “acceptor” PLs catalyze this reaction.

Two transfer processes have been described, one being dependent on coenzyme A, the
other not.

CoA-dependent transacylation (Figure 6B) was first demonstrated in rabbit liver
microsomes and has since been found in most tissues and cell types [32]. This activity does
not exhibit strong substrate specificity.

On the other hand, CoA-independent transacylation (Figure 6C), demonstrated by
Kramer and Deykin in 1983, is more specific for long-chain PUFAs (AA, EPA, and DHA) [33].
In particular, it has been shown that, in the alveolar macrophages of rabbits and rats’
brain, CoA-independent transacylases selectively transfer of DHA to sn-2 position of
lyso-plasmalogens-PE [34].

Figure 6D represents lysophospholipase/transacylase activity. An acyl group at sn-1
position of one Lyso-PL is transferred to the sn-2 position of another Lyso-PL with the action
of lysophospholipase/transacylase resulting in PL and phosphoglyceride production.

All mentioned specific remodeling activities are illustrated in Figure 6.
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2.2.3. Remodeling Activities in the Brain

The brain possesses several enzymes responsible for FA remodeling in cerebral PLs.
For example, plasmalogen (rich in AA and DHA) synthesis is carried out by the de-
acylation/re-acylation route [35]. Acyl-CoA lysophospholipid acyltransferase activity
has been observed in various brain entities such as microsomes and cell nuclei in the
cerebral cortex of fifteen day old rabbits, the myelin in six to eight week old rats, and
human brains [36–38]. Acyl-CoA lysophospholipid acyltransferases from microsomes and
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nuclei of cerebral cortical cells have different affinities for arachidonyl-CoA, suggesting the
existence of two different enzymes [36].

Moreover, Vaswani and Ledeen in 1989 described, in myelin, AA and oleic acid transfer,
previously activated to acyl-CoA, to Lyso-PC, and to Lyso-PI [38]. AA-CoA is more reactive
than oleoyl-CoA towards Lyso-PCs and acyl-CoA: lysophospholipid acyltransferase, using
oleoyl-CoA, is more important for Lyso-PC than for Lyso-PI.

Ross and Kish in 1994 worked on the human brain and showed that acyl-CoA:
lysophospholipid acyltransferase has different affinities depending on the substrate and
that arachidonoyl-CoA’s affinity exceeded that of palmitoyl-CoA by three times [37]. In
addition, the level of acylation depended on lysophospholipids’ class according to the
order Lyso-PI > Lyso-PC > Lyso-PS > Lyso-PE.

In brain tissues, CoA-dependent and CoA-independent transacylations also exist with
an acyl selectivity of CoA-dependent transacylase such as acyl-CoA: lysophospholipid
acyltransferase. This enzyme prefers 1-acyl-2-lysoPC over 1-acyl-2-lysoPE as acceptor PL.
CoA-independent transacylase in rat brain microsomes is specific for AA and DHA [34].

These data revealed that the brain is equipped with the necessary enzymes for FA
remodeling in PLs.

Figure 7 summarizes DHA’s de-acylation, re-acylation, and transacylation pathways
in the brain. The cerebral DHA pool is maintained by the action of key enzymes, such as
phospolipase A (PLA), lysophospholipid acyl transferase (LPLAT), glycerol-3-phosphate
acyltransferase (GPAT), and 1-acylglycerol-3-phosphate-O-acyltransferase (AGPAT). These
enzymes are involved in PL and LysoPL’s metabolism in the brain. In addition, the
transfer of the esterified form of DHA from blood to the brain through the BBB keeps this
pool constant. This transfer is facilitated by Mfsd2a receptor when DHA is esterified in
LysoPC-DHA. However, the transfer of other LysoPL-DHA including LysoPE-DHA and
LysoPS-DHA is still not clear.
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lysophosphatidylethanolamine acyl transferase; LPCAT: lysophosphatidylcholine acyltransferase;
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3. Properties and Functions of Phospholipids and Lysophospholipids with Omega-3
PUFA in the Brain
3.1. Brain Phospholipids and Their Fatty Acid Composition

PLs are the most abundant lipids in the brain (97 nmol/mg) compared to other organs
such as the liver, the heart, and the kidney (Table 1). PE and phosphatidylethanolamine
plasmalogen (PEP) represent the major classes of PL in the brain (55%), followed by PC
(31%), PS (8%), and PI (5%). Traces of PG and CardioLipids (CL) have also been observed
in rats’ brain [39].

Table 1. Concentration of different phospholipids in the brain, heart, kidney, and liver of rats
(nmol/mg, n = 4). Reprinted with permission from Ref. [39]. Copyright 2021, Springer Nature
and Copyright Clearance Center. More details on “Copyright and Licensing” are available via the
following link: https://support.springernature.com (access on 7 January 2022).

PE PC PS PI PG CL Total

Brain 53.9 ± 5.3 30.5 ± 4.5 7.78 ± 0.93 5.13 ± 0.76 0.02 ± 0.01 0.27 ± 0.15 97.6 ± 21.6

Heat 22.0 ± 6.0 17.0 ± 5.0 0.48 ± 0.14 2.74 ± 0.86 0.17 ± 0.06 2.31 ± 0.66 44.7 ± 12.6

Kidney 24.7 ± 5.5 18.0 ± 4.2 2.31 ± 0.45 5.31 ± 1.3 0.02 ± 0.01 1.38 ± 0.35 51.7 ± 11.3

Liver 22.8 ± 3.3 31.2 ± 3.8 1.21 ± 0.32 8.52 ± 1.1 0.01 ± 0.00 1.08 ± 0.21 64.9 ± 8.6

PLs are considered an effective form for brain enrichment with PUFAs, especially
omega-3 fatty acids. Because of their independent digestion from bile salt, PL-PUFAs are
absorbed more efficiently in the small intestine, offering the best bioavailability compared
to other forms ofω3-PUFA.

In the brain, PUFAs, mainly DHA and AA, are mostly found in PE species (including
PEP) with PE 18:0-2:6 (11%) and PE 18:0-20:4 (8%). However, in PC, monounsaturated fatty
acids (MUFA) and saturated fatty acids (SFA) are the major FAs with 54% compared to
PUFAs (15%). PS contains more DHA than PC (51%) (Figure 8). In PI, AA is the major
PUFA compared to DHA and EPA [39].
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Figure 8. Major species of phospholipids in rats’ brains. Phospholipids content in fatty acids
showed that PE has the highest content in PUFA (22:6n-3 and 20:4n-6) in comparison to PS and
PC. Adapted with permission from Ref [39]. Copyright 2021, Springer Nature and Copyright
Clearance Center. More details on “Copyright and Licensing” are available via the following link:
https://support.springernature.com (access on 7 January 2022).
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PE and PEP constitute the major storage form of DHA in the brain where PEP facilitates
the signal transduction of bioactive mediators and can protect PUFAs, especially DHA,
from oxidation in gray matter [40–42]. Furthermore, PC and PS are the major forms for
DHA accretion to the brain.

In the brain, de novo synthesis of PL with omega-3 PUFAs can occur. As previously
explained in Figure 2, in de novo synthesis of di-acyl phospholipids, the synthesis occurs
in the endoplasmic reticulum and requires three major key enzymes (GPATs, AGPATs, and
PAPs) as well as two precursors (sn-glycerol-3-phosphate and Acyl-CoA). Phosphatidic acid
(PA) and lysophosphatidic acid (Lyso-PA) produced are considered as major intermediate
precursors of PL biosynthesis in the brain [43,44].

Additionally, DHA carried to brain could be esterified by GPATs (sn-1 position) and
AGPATs (sn-2 position) activities in PL during de novo biosynthesis thus suggesting that
PL-DHA cerebral accretion could be partially regulated by these enzymes and PA/LPA
pool in the brain [11].

However, DHA’s incorporation in brain PL through de novo synthesis is not clear and
other processes such as PL remodeling could interfere in PL-DHA synthesis.

Major enzymes involved in this remolding are lysophospholipid acyltransferase
(LPLAT), specifically LPCAT2/3 and LPCAT4 with Acyl-CoA specificity on EPA and
DHA, respectively. This reaction is mediated by phospholipase A2 (PLA2) action and all
enzymes’ activity allow the cerebral increase of omega-3 PUFA [45,46].

3.2. Cerebral Lysophospholipids with Omega-3 PUFA

Lysophospholipids (Lyso-PLs) are GPs in which one acyl chain is missing and one
hydroxyl group of the glycerol backbone is acylated.

In 1-Lysophospholipids (1-Lyso-PLs), the acyl chain is found at position 2 (sn-2 posi-
tion), whereas in 2-lysophospholipids (2-Lyso-PLs), position 1 (sn-1 position) is acylated.

Different forms of 1-Lyso-PLs with DHA moiety at sn-2 position are illustrated in
Figure 9. Generally, 2-Lyso-PLs are thermodynamically more stable than 1-Lyso-PLs due to
the presence of a primary alcohol group at sn-1 position.
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position. (a) 1-lyso,2-docosahexaenoyl, glycerophosphocholine (Lyso-PC-DHA), (b) 1-lyso,2-
docosahexaenoyl,glycerophosphatidylethanolamine (Lyso-PE-DHA), (c) 1-lyso,2-docosahexaenoyl,
glycerophosphatidylserine (Lyso-PS-DHA).

In vivo, Lyso-PLs are produced through enzymatic hydrolysis of PLs and are involved
in phospholipids’ metabolism and function as second messengers, displaying several
biological functions.
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3.2.1. Lysophosphatidylcholine

Lyso-PCs are secreted by the liver then distributed to tissues. They are a source of
PUFAs, mainly to the brain [47].

Lyso-PCs are the most abundant Lyso-PL in blood. In plasma, their concentration is
closer to 1 mM [48,49]. Lyso-PCs are linked to albumin and lipoproteins in plasma and
red blood cells [50]. However, their formation in plasma is not fully understood despite
four different sources of plasma Lyso-PCs having been described:

• By hepatic lipase (LH) action which hydrolyzes PLs found in lipoproteins (high density
lipoprotein (HDL)) and prefers PE to PCs. LH plays little role in Lyso-PC’s plasma
production pool [51].

• By lecithin-cholesterol acyltransferase (LCAT) action, which is secreted by the liver
and circulates in plasma mainly linked to lipoproteins, in particular high density
lipoprotein (HDL) and in a minority to low density lipoprotein (LDL). LCAT catalyzes
FA’s transfer at sn-2 position of a PC found in HDL to the 3-hydroxyl group of choles-
terol to form cholesterol ester and Lyso-PC. Researchers suggested that the positional
specificity of human LCAT is changed when 16:0-22:6-PC concentration is improved
following DHA supply [52,53]. After a diet rich in DHA, sn-2-lysoPC-DHA level in
plasma increases 3.5 times and that of 16:0–22:6-PC increases by 12% without any
modification of sn-2-lysoPC-16:0.

• Highly unsaturated Lyso-PCs are also secreted by the liver after the ingestion of
unsaturated TG [54]. However, exact mechanisms of Lyso-PC secretion by liver are
not well established.

• Chen et al., 2007 proposed a plasma synthesis of Lyso-PC due to endothelial lipase
(LE) activity [55].

Most FAs at sn-1 or sn-2 position are PUFAs (EPA or DHA) and/or SFAs (palmitic acid
or stearic acid). Lyso-PC-DHA is the Lyso-PL form mostly abundant in the brain more than
other organs such as the liver, retina, heart, and kidney. Lyso-PCs have several biological
effects. They act on multiple targets involved in neurodegenerative diseases, cardiovascular
diseases, cancer, and neuronal apoptosis [56,57].

Moreover, both pro- and anti-inflammatory properties of Lyso-PC have been demon-
strated. In vitro, pro-inflammatory activities of Lyso-PCs include the stimulation of chemo-
taxis in human T lymphocytes and MCP-1 (monocyte chemoattractant protein 1) cytokines
production by HUVEC cells (human umbilical vein endothelial cells) [58,59], and inter-
leukin cytokines IL-6 and IL-8 by coronary artery cells [60].

Additionally, Lyso-PCs have cytotoxic effects and can accumulate under pathological
conditions such as atherosclerosis [61]. In fact, Lyso-PCs are detected at atherosclerotic
lesions and are responsible for cytokine secretion, inducing inflammations of lesions. They
activate the recruitment of CD4+ T lymphocytes in atherosclerotic lesions, according to an
NF-KB cells mechanism, by increasing CXC chemokine receptor type 4 (CXCR4) receptor’s
expression, thus participating in the development of atherosclerosis [62]. All these data
suggest the pro-inflammatory nature of Lyso-PC.

Regarding Lyso-PCs’ anti-inflammatory activity, researchers showed that Lyso-PCs
attenuate the inflammation by increasing neutrophils’ antimicrobial activity by acting on
their stock of hydrogen peroxide (H2O2), reducing the interleukin 1β (IL-1β) level, and
circulating tumor necrosis factor α (TNFα) [63]. Other studies have shown that Lyso-PCs
reduce inflammation by acting intracellularly and by increasing the endothelial protective
factors such as NOS (nitric oxide synthase) during septic shock [64].

In addition, Lyso-PC with n-3 PUFA revealed an anti-inflammatory function pro-
voked by Lyso-PC-SFA [65]. For Lyso-PC-EPA and Lyso-PC-DHA, this effect was ex-
plained by the downregulation of monocyte action. In addition, Lyso-PLs inhibit the
pro-inflammatory mediators’ (IL-5, IL-6) development stimulated by Lyso-PC16:0 and
upregulate anti-inflammatory mediators (IL-4 and IL-10).
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Previous studies highlighted the crucial role of Lyso-PC with n-3 PUFA in brain
development and neuronal cell growth. Researchers studied the lack of Mfsd2a receptor
and confirm the vital role of Lyso-PC-DHA in developing brain [66,67].

More recently, studies shows the neuroprotection role of Lyso-PC-DHA/EPA diets to
increase the brain DHA and advance memory-related behavior in mice expressing human
Apolipoprotein E4 (APOE4) [68–70]. Indeed, APOE4 human genotype was related to
cognitive decline and risks of age-related neurological disorders. A decrease of APOE4
could be related to low levels of DHA, thus suggesting that a long-term treatment rich with
DHA can protect from neurodegenerative disease.

Lagarde et al., 2001, by using radiolabeled DHA, showed that DHA was preferentially
carried to the brain by Lyso-PC in comparison to the unesterified form of DHA. The uptake
of Lyso-PC-DHA through the in vitro model of BBB is carried by one receptor highly
expressed in CNS, named ‘major facilitator superfamily domain-containing protein 2A’
(Mfsd2a) [71–73].

In addition to the neuroprotection role, Lyso-PC-DHA was shown to be protective
against retinopathy and further eye syndromes [74]. In fact, authors suggest that DHA can
be proficiently improved by dietary Lyso-PC-DHA, not by TAG-DHA or non-esterified
DHA. These results provide a novel nutraceutical approach for the prevention and treat-
ment of retinopathy and neurodegenerative diseases.

Finally, Lyso-PC-DHA may be a potential treatment for depression [75]. Through a
diet rich in Lyso-PC-EPA, growth of both cerebral and retinal EPA and DHA were observed.
In addition, high expression of brain-derived neurotrophic factor (cyclic AMP response
element binding protein) and serotonin receptor (5-hydroxy tryptamine1A) were observed
in the brain. Since Lyso-PC-EPA improved EPA and DHA in the brain, it might assist in the
treatment of depression.

Despite all the biological effects previously mentioned, the outcomes of clinical
lipidomic studies of Lyso-PC have been controversial due to the enzymatic machinery
involved in Lyso-PC metabolism [76].

3.2.2. Lysophosphatidylethanolamine

Lyso-PEs, the second highest Lyso-PL after Lyso-PC with 10–50 µM in the blood,
represent approximately 1% of total serum PLs [77].

Lyso-PEs are involved in cell differentiation and migration in a similar way to Lyso-
PCs. Therefore, Lyso-PEs induce Ca2+ flux signaling by using lysophosphatidic acid
receptor 1 (LPAR1) in breast cancer cells. In addition, they stimulate chemotactic migration
and cellular invasion of SK-OV3 ovarian cancer cells [78,79].

Neurite growth’s simulation involves 18:1 Lyso-PE through signaling cascades in cul-
tured cortical neurons by activating the mitogen-activated protein kinase (MAPK)/extracell-
ular signal-regulated kinase (ERK) path [80].

Due to 18:1 Lyso-PE abundance in brain tissues, Hisano et al. demonstrated that
Lyso-PEs encourage neurite outgrowth and defend against glutamate toxicity in cultured
cortical neurons, thus suggesting the potential physiological function of 18:1 Lyso-PE in
brain [81].

The anti-inflammatory action of 2-PUFA-1-Lyso-PE was studied in rice models after
oral administration of 2-DHA-1-Lyso-PE or 2-AA-1-Lyso-PE [82]. This oral administration
inhibited the plasma leakage in mice. Moreover, the anti-inflammatory interleukin’s effect
with Lyso-PE-DHA was higher than with Lyso-PE-AA. The anti-inflammatory actions of
2-PUFA-1-Lyso-PE drastically reduced leukocyte infiltration suggesting that these lipids
express pro-resolving activity. The authors concluded that polyunsaturated Lyso-PE may
be considered effective anti-inflammatory lipids.

In the brain, Lyso-PEs are derived from PE, PE being the storage form of PL containing
DHA [4]. LPE acyltransferase 2 (LPEAT2) includes DHA into PLs and is responsible for
modulating DHA/EPA ratios of phospholipids [83].
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However, LPEAT2 over-expression in brain cells induces cell death DHA-dependently.
It was demonstrated that Lyso-PE-DHA could be a hippocampal indicator of post-ischemic
cognitive impairment [84]. Indeed, in rat ischemic models, Lyso-PE had important higher
levels in ischemia than a sham group. Specifically, Lyso-PE 18:1, 20:3, and 22:6 species
were increased in the ischemic conditions. On the other hand, the receptor of Lyso-PE may
be located in the plasma membrane to import circulating classes [83]. Lyso-PC receptor
Mfsd2a is also a receptor for Lyso-PE to mediate DHA in the brain. However, the way of
plasma Lyso-PE transfer to brain and transfer across the BBB is still not clear and needs
further investigation.

3.2.3. Lysophosphatidylserine

PS metabolism can generate Lyso-PS through phospholipase and acyltransferase
activities by suppressing a FA from sn-1 or sn-2 position [85–87].

Lyso-PS is located in the brain, heart, lung, liver, kidney, and colon [88,89]. In addition,
Lyso-PS is abundant in immune system organs such as the spleen, thymus, and peripheral
lymph tissues. The total amount in these major organs is 1–10 µg/g. An extremely small
amount is found in blood. However, Lyso-PS is higher in serum, suggesting Lyso-PS’s
production during blood coagulation [90]. Lyso-PS derived from PS contains several FAs
with different carbon chain length and unsaturation (16:0, 18:0, 22:6n-3, etc.). The majority
of short and SFAs are esterified at sn-1 position whereas PUFAs are esterified at sn-2
position [90]. This distribution of FAs between sn-1 and sn-2 position may have a biological
significance since Lyso-PS receptor activation can be related to FA position in isomers [91].

Lyso-PS metabolism involves several enzymes from the α/β-hydrolase domain (AB-
HD) family including ABHD16A and ABHD12 that control brain Lyso-PS pathways in
neurodegenerative disease [92]. Indeed, in the brain, Lyso-PS levels are decreased by
ABHD16A and increased by ABHD12 in various brain regions. These two ABHDs offer
new perceptions into Lyso-PS signaling in the cerebellum, the most atrophic brain region in
human polyneuropathy, hearing loss, ataxia, retinitis pigmentosa, and cataract (PHARC)
subjects [93]. These enzymes can have a potential therapeutic role in the altered lipid
metabolism of Lyso-PS in several diseases such as cancer, diabetes, and neurodegenerative
diseases [94].

On the other hand, since Lyso-PS is found in the colon, it has a novel role in resolution
of inflammation, thus reporting the emerging role of Lyso-PS in inflammatory bowel
disease [95].

Lyso-PS plays a role of signaling mediator because its ability to activate signaling
cascades in immunological processes, like activating macrophages during inflammation
response. It was reported that PS with very long-chain saturated fatty acids (VLC-SFA-PS)
strongly induce intracellular signaling through recombinant T-cell receptor ligand 2 (RTL2
receptor) [96,97]. This signaling molecule can activate cytokine secretion (TNFα, cyclic
AMP, etc.) during the pro-inflammatory response induced by VLC-SFA-PS [98].The study
on ABHD12 knockout mice (mutations that cause the human neurodegenerative disorder
PHARC) showed that these mutations disturb the principal Lyso-PS lipase function in the
mammalian brain and that an accumulation of VLC-SFA-PS occurred as well as a strong
induction of cerebellar microgliosis through the neuroinflammatory response in brain [92].
Additionally, the synthetic administration of VLC-SFA-PS in TLR2 knockout mice did not
induce the cerebellar microgliosis concluding that VLC-LPS induces pro-inflammatory
immune response and neuroinflammation observed in aging ABHD12 knockout mice [99].

Taken altogether, this pro-inflammatory response could be decreased by DHA’s anti-
inflammatory effect in neurons, suggesting a new way to explore the influence of Lyso-PS-
DHA as anti-inflammatory therapy in neurodegenerative diseases [100,101].

In the brain, phosphatidylserine synthase 2 (PSS2) is important for PS-DHA synthesis
and accumulation [85] whereas PLA1 and PLA2 are the potential key enzymes involved
in the biosynthesis of Lyso-PS [102]. However, Lyso-PS-DHA biosynthesis is not clear.
A specific pancreatic lipase family PLA1 was capable of producing Lyso-PS-DHA (sn-2
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position) but this lipase had affinity for other PL in vitro [87,103]. On the other hand, PLA2
was shown to have PS lipase activity but with no evidence of PLA2 specificity to PS [104].

Tsushima et al. stated that cerebral accretion of DHA when esterified at sn-2 position of
Lyso-PS is more efficient than PLs. These researchers explained the molecular pathway of
Lyso-PS-DHA to reach the brain. They used fetal rat brain from mothers fed with two types
of PL-DHA (PC-DHA, PS-DHA) and two others of Lyso-PL-DHA (Lyso-PC-DHA, Lyso-PS-
DHA). They demonstrated that Lyso-PS-DHA was the most effective lipid carrying DHA
to the brain and that Lyso-PS-DHA of the mother rat passes through the small intestinal
epithelial cell monolayer by opening the tight junctions. Then, the serum DHA pool level
increases and passes through the fetus’ blood–brain barrier promoting DHA increases in
the fetal brain [105]. These results suggested that Lyso-PS-DHA could be an effective way
to provide DHA from the mother to the fetal brain.

3.2.4. Lysophosphatidic Acid

Lyso-PA is a copious bioactive lysophospholipid with multiple functions in develop-
ment and pathological situations.

In CNS, Lyso-PA is derived from membrane PLs and signals through the ligand of six
cognate G protein-coupled receptors (GPCRs), lysophosphatidic acid receptors (LPAR1-6)
expressed in central and peripheral nervous tissues. LPAR1-6 is involved in signaling
cascades including the fetal cerebral cortical growth, astrocytes development, Schwann
cells proliferation, microglia activation, and in brain vasculature through the BBB.

From fetal to mature life, Lyso-PA have diverse effects during CNS development and
angiogenesis [106,107].

More recently, LPAR1 was demonstrated to be involved in cerebral cortex and hip-
pocampus development through activation of the main glutaminase isoform (GLS) [108]. In
fact, neuronal intracellular calcium’s increase, a primary response to Lyso-PA exposure, sug-
gests a modification of NMDA and AMPA glutamate receptors and Lyso-PA implications
in modulation of synaptic excitatory transmission.

Lyso-PA’s involvement through its specific receptors in different central and periph-
eral nervous system development makes this phospholipid a versatile signaling molecule
which can act as a potent mediator via LPAR1 in pathological conditions such as neuro-
pathic pathophysiology, neurodegenerative diseases, and cancer progression [107,109–112].
LPAR1 was involved in microglial activation and brain damage after transient focal cerebral
ischemia [113]. Hence, LPAR1 could be a potential therapeutic target to reduce ischemic
brain damage.

Aside from LPAR1, lysophosphatidic acid acyltransferase enzyme (LPAAT), mainly
LPAAT4, was highly expressed in the brain with high specificity for PUFA acyl-CoA,
especially docosahexaenoyl-CoA (DHA-CoA) suggesting a potential role of LPAAT4 in
incorporating DHA into brain PL.

LPAAT4 might be in charge of DHA level in neural membranes in addition to its
biological role in the brain regulation [114]. Indeed, Lyso-PA-DHA was significantly associ-
ated with major depressive disorder (MDD) due to its low level found in the cerebrospinal
fluid (CSF) of patients with MDD. However, it was demonstrated that Lyso-PA-DHA
metabolism dysfunction is not correlated with autotaxin (ATX) activity, an enzyme that
produces Lyso-PA from Lyso-PC [115].

4. Docosahexaenoic Acid Esterified at sn-2 Position of Phospholipids and
Lysophospholipids for Brain Benefits
4.1. Benefits of DHA in Healthy Conditions and Brain Disorders

The health benefits of DHA are well known from fetal to old age in healthy conditions
as well as several diseases including brain disorders [116].

In healthy aging women, studies on mobility and cognitive function elucidated the
potential anti-inflammatory and anti-oxidant function of DHA. DHA provided health ben-
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efits and performance improvement especially in women who practiced physical activity
and have increased reactive oxygen production [117–119].

Moreover, DHA’s role in the pathogenesis and treatment of attention deficit hyper-
activity disorder (ADHD) children and adolescents was studied. In subjects with DHA
deficiency, DHA supplementation improved the clinical symptoms and cognitive perfor-
mances, proposing that exogenous supply of DHA as supplementation diet could be a
potential treatment for ADHD [120,121].

Few experimental works have addressed DHA potential in acute stroke treatment.
Chauveau et al., 2011 highlighted the therapeutic potential of engineered brain-targeting
forms of omega-3 fatty acids for acute stroke treatment. The authors used multimodal
MRI to evaluate in vivo the neuroprotection of DHA and by a structured phospholipid
named AceDoPC®(1-acetyl,2-docosahexaenoyl-glycerophosphocholine) in experimental
stroke in rats undergoing intraluminal middle cerebral artery occlusion (MCAO). Results
showed that neuroscores in AceDoPC® rats were lower than in DHA rats and that both
treatments (pooled DHA and AceDoPC groups) significantly decreased lipid peroxidation
as compared to controls (pooled saline and vehicle). Additionally, MRI-based evaluation
confirmed the neuroprotective effect of DHA and AceDoPC® in the MCAO model [122].

According to epidemiological, preclinical, and clinical studies, DHA had neuroprotec-
tive effects in several neurodegenerative disorders including Parkinson’s disease (PD) and
Alzheimer’s disease (AD) [123–126]. A dietary supplementation with DHA/EPA from fish
oil (800 mg/day DHA and 290 mg/day EPA) for 6 months could reduce the inflammation
and depression caused by PD [127].

On the other hand, a randomized double-blind placebo-controlled trial on 60 patients
with PD was performed through patients’ ingestion of flaxseed oil (1 g of omega-3) plus
vitamin E (400 IU) supplements for 3 months. The study showed that this supplementation
of omega-3 and vitamin E had a satisfactory influence on the Unified PD Rating Scale
(UPDRS), high-sensitivity C-reactive protein (hs-CRP), total antioxidant capacity (TAC),
glutathione, and markers of insulin metabolism [128].

In vivo studies in PD mice models (6-OHDA) using fish oil supplementation con-
firmed the protective effect of PUFA on the loss of dopaminergic neurons and highlighted
the antioxidant and anti-inflammatory properties of fish oil dietary on these PD mice
model [129].

Another study on DHA supplementation in the form of PS-DHA demonstrated the
protective effect of DHA on PD mice (MPTP-induced mice). Moreover, DHA used as
pretreatment could inhibit apoptosis via mitochondria and MAPK pathway protecting and
increasing the number of dopaminergic neurons [130]. These results suggest that a diet
enriched with PL-DHA could be a potential novel therapeutic candidate for the prevention
and treatment of PD.

During last decades, several randomized trials had established an association between
low fish and/or low DHA intake and Alzheimer’s disease (AD) [131]. They concluded
that an increase intake of omega-3 PUFA could be associated with a reduction in AD
risk [132–134]. The first trial tested omega-3 FA (1720 mg DHA and 600 mg EPA) for six
months. Researchers did not observe a significant effect on moderate AD with omega-3
supplementation, but the result did not decrease the cognitive decline. However, positive
effects were observed in a small group of patients with very mild AD [135]. Moreover,
several data showed that DHA and its derivative neuroprotectin D1 (NPD1) could limit Aβ
peptide’s aggregation at the origin of amyloid plaque formation responsible for neurons’
degeneration [136,137].

Recently, studies focused on studying lipids’ metabolism, mainly DHA and EPA, in
AD mice models and neuronal cells model. Researchers showed that PCs rich in DHA
and EPA affected brain function in AD and possible mechanisms of memory and cognitive
deficiency. In addition, PS-DHA and PS-EPA promoted neurite outgrowth of primary
hippocampal neurons, which offers significant protection against Aβ-induced toxicity.
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These PLs might inhibit mitochondrial-dependent apoptotic pathway and phosphorylation
in AD suggesting dietary guidance for AD prevention [138].

4.2. Chemical, Biochemical, and Nutritional Properties of sn-2 Position

To better understand, the significance of the sn-2 position, we highlighted in this sec-
tion the chemical, biochemical, and nutritional properties of this special position, knowing
that DHA is mainly esterified at sn-2 positions of GPs.

From a chemistry view, sn-1 and sn-2 mechanisms are affected by several factors
including the structure of the substrate and electrophile properties of compounds. sn-1
reaction is a unimolecular reaction involving two steps where carbocation forms, whereas
sn-2 is a bimolecular reaction with a single-step process.

From a biochemistry observation, in GPs, PUFAs and SFAs are attached to the glycerol
backbone at sn-2 and sn-1 position, respectively, whereas a phosphate group is attached to
sn-3 position.

DHA and EPA are located almost exclusively at sn-2 position of phosphoglycerides
found in the neurons membranes [139]. Moreover, these PUFA are one of the major ω-3
LC-PUFA forms in our diet, supporting the fact that the nutritional properties of DHA and
EPA are spatially important for brain development and function [140].

In physiological conditions, DHA esterified at sn-2 position of TG, PL, or Lyso-PL acts
as second messengers, displaying a wide range of biological activities. These lipids with
sn-2 DHA can improve ω3-PUFA assimilation in the liver, erythrocytes, and brain, thus
improving the health benefits of 2-DHA-glycerolipids [141].

As mentioned previously, researchers showed that some Lyso-PL receptors could
discriminate between 1-acyl-LPLs and 2-acyl-LPLs because of the physiological conditions,
suggesting the biological role of 2-DHA-glycerolipids in different tissues.

Moreover, in the brain, PS-DHA level is higher with DHA esterified at sn-2 position
than sn-1 position. PS-DHA is more abundant in gray matter than in white matter. The
cerebral PS carries mostly 18:0 (SA) at sn-1 position and 22:6n-3 (DHA) at sn-2 position in
all brain tissues at the exception of fond in the olfactory bulb having PS 16:0-22:6 with 16:0
(PA) at sn-1 position at 22:6n-3 (DHA) at sn-2 position. This special distribution of PS-DHA
in the brain could be explained by the selective activity of PSS2 to esterify DHA mostly at
sn-2 position [85,142,143]. These data might elucidate the region-selectivity of PS-DHA in
the brain.

From a nutritional observation, DHA’s natural sources are mostly found at sn-2
position in both sources of TG and PC. For example, in algal oil, DHA is located at sn-3
positions of TG. However, in fish, seal, and squid oils, DHA is found at sn-1 and sn-3
position mostly. In PC species, usually DHA is esterified at sn-2 position. Only a small
proportion in roe and krill oil contain DHA at sn-1 position [140,144].

During digestion, gut pancreatic lipases hydrolyze FAs in sn-1,3 positions which are
then absorbed as FFA and metabolized independently in the lumen. However, sn-2 MAGs
are absorbed intact and enter the blood circulation to serve as the primary backbone for
glycolipids synthesis in the gut and the liver, especially during extensive fat absorption.
Therefore, the type of fatty acid at sn-2 position could determine the blood lipid profile and
cholesterol level.

Indeed, the type of FA at sn-2 position is significant for overall digestibility and fat
absorption. For example, in human milk, palmitic acid is largely found at sn-2 position and
this is preferred for optimum absorption of fats in infants. Infant milk formula lacking the
placement of palmitic acid at sn-2 position is thus poorly absorbed compared to human
milk [145].

The nutritional effects of food may not be dependent only on saturated and unsatu-
rated FA, but also on the position of FA, sn-1 or sn-2 [146].
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4.3. Cerebral Bioavailability of DHA

As discussed previously, DHA has several beneficial effects in healthy conditions and
brain disorders. An important question is related to the privileged lipid carrier of DHA
to the brain. Hence, we discuss different studies related to cerebral accretion of DHA in
different forms, non-esterified or esterified.

DHA esterified at sn-2 position of PS or PC was more effective to target the brain with
DHA than TG-DHA [9]. However, Lyso-PC-DHA was a privileged transporter of DHA to
the brain when compared to PC-DHA and TG-DHA [147].

Indeed, researchers showed through in vitro and in vivo studies that Lyso-PC-DHA
was a preferred physiological carrier of DHA to the brain when compared to non-esterified
DHA [6,7]. This preference was only observed in the brain but not the liver, kidney, or
heart, which even shows preference for the free form of DHA [7]. Moreover, LysoPC-DHA
efficiently advances brain function in mammals [50].

However, DHA esterified at the sn-2 position of Lyso-PC, thought to be its functional
position, rapidly migrates to sn-1 position. Consequently, researchers designed such
a Lyso-PC to prevent this migration, by acetylating sn-1 position leading to structured
phospholipids named AceDoPC® (1-acetyl, 2-docosahexaenoyl-glycerophosphocholine), a
stabilized formula of the physiological Lyso-PC-DHA [148].

In vitro and in vivo, the cerebral accretion of AceDoPC® was investigated and results
showed that AceDoPC® was a preferred carrier of DHA to the brain in comparison to PC-
DHA and non-esterified form of DHA [8]. Despite this preference, AceDoPC was partially
found in the form of Lyso-PC-DHA in the brain. Lyso-PC-DHA’s formation may be due to
the hydrolysis of the acetyl moiety by the action of the endothelial lipase, a phospholipase
A1 (PLA1)-like enzyme that has been shown to be expressed and secreted in brain capillary
endothelial cells (BCECs) and to have a preference for DHA-containing phospholipids at
the sn-2 position [149]. Recently, a clinical study regarding the bioavailability of 13C-labeled
DHA after oral intake of a single dose of 13C-AceDoPC®, in comparison with 13C-DHA,
was conducted. Researchers showed that 13C-DHA enhancement in plasma phospholipids
was considerably greater after intake of AceDoPC® compared with TG-DHA. In red cells,
13C-DHA enrichment in PC was similar from both sources of DHA, with a maximum
after 72 h, whereas 13C-DHA enrichment in PE was greater from AceDoPC® compared to
TG-DHA, and increase after 144 h. This study indicated that DHA from AceDoPC® is more
efficient than from TG-DHA for a continuous accretion in red cell PE and brain [4].

Taking all these works together, we can conclude that different mechanisms could
explain the brain bioavailability differences between non-esterified form of DHA, Lyso-PC-
DHA, AceDoPC®, PC-DHA, PS-DHA-PS, PE-DHA, and TG-DHA.

On the other hand, long-chain PUFAs’ transport in preterm infant plasma was shown
to be dominated by PC [150]. Recently, an in vivo study on rats determined the way
EPA impacted brain DHA levels [151]. Using 13C-EPA, researchers found that newly
synthesized 13C-DHA was mainly converted and stored as PE-DHA (37–56%) in the liver,
secreted in plasma as TG-DHA, and accumulated in the brain as PE-DHA and PS-DHA,
proposing a significant role for EPA in maintaining the brain DHA levels.

5. Discussions

Neurodegenerative diseases including Alzheimer’s and Parkinson’s diseases are asso-
ciated with high morbidity and mortality rates. Currently, there is no treatment that can
cure these diseases although many drugs have been produced to slow their development.

A number of researchers have highlighted the beneficial effect of omega-3 PUFAs,
particularly DHA, through their involvement in several biochemical functions in the brain.

In fact, almost 60% of PUFAs in neuronal membranes comprise DHA, thus representing
the most common PUFA in the human brain [126]. DHA in nerve cell membranes is
captured by the brain through blood circulation, either synthesized by the liver, or brought
directly from the diet [2]. Several pathways are involved in the structural distribution of
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DHA in the brain from DHA’s de-acylation, re-acylation, and transacylation pathways as
explained in Figure 7.

DHA is possibly the utmost pleiotropic molecule in nerve cell membranes since it is
implicated in numerous essential functions ranging from structural components to brain
homeostasis and regulation of neurogenesis until the indirect antioxidant function of DHA.

Concerning the structural and physicochemical properties of DHA in nerve cell mem-
branes, as previously discussed in Section 3.1 on brain phospholipids and their fatty acid
composition, DHA is esterified at sn-2 position of PE and PEP, the most abundant phospho-
lipid in nerve cells. This molecular combination is significant to ensure the structural and
physicochemical properties of cell membranes. In fact, DHA modulated the microviscosity,
passive permeability, lateral mobility, lipid–protein and protein–protein interactions, and
conformational transitions of membrane proteins [152].

Moreover, DHA is crucial for brain homeostasis during fetal development as well as
throughout the lifespan as a neuromodulator of nerve cell function through the modulation
of differentiation of novel neurites and synapses, refinement of synaptic connectivity,
neurotransmitter release, and memory consolidation processes [153].

Additionally, DHA has been identified as an indirect antioxidant through modulation
of gene expression within thioredoxin and glutathione antioxidant systems. Deregulation
of these self-protecting defenses managed by DHA is associated with the development of
neurodegenerative diseases [152].

Diaz et al., 2021 suggested a possible hypothesis that under oxidative conditions,
a fraction of DHA in the brain parenchyma may undergo a non-enzymatic oxidation
to produce a specific DHA-derived peroxyl radical 4-hydroxy-2-hexenal (HHE). HHE
activates a nuclear factor erythroid-related factor 2 (Nrf2), a key regulator of transcriptional
activation of antioxidants in the brain [152].

To better understand the potential therapeutic influence of DHA transported by
different carrier forms to the brain, we first summarized the wide range of GPs found
in cell membrane as well as their biosynthesis and remodeling focusing on de-acylation,
re-acylation, and transacylation pathways.

Next, we highlighted different properties of PLs and Lyso-PLs carrying DHA to
the brain, knowing that the brain has several enzymes responsible for remodeling FA
composition of cerebral PLs.

Indeed, the brain contains the highest content of PLs in comparison to other organs.
Among these PLs, PE-DHAs are the most abundant, thus constituting the major storage of
DHA although PC and PS are also known to transport DHA to the brain.

We discussed the mechanism of formation and physiological role of diverse Lyso-
PL-DHA including Lyso-PC, Lyso-PE, Lyso-PS, and Lyso-PA. Among these, Lyso-PCs are
the most abundant Lyso-PL in blood. They have several biological effects mainly pro-
and anti-inflammatory properties and are crucial for brain development and neuronal
cell growth when DHA is esterified in the glycerol backbone. In addition, Lyso-PC-DHA
showed a neuroprotective effect and a protection against retinopathy and other eye diseases.
Moreover, Lyso-PC-DHA might be a potential treatment for depression.

Another bioactive form of Lyso-PL is Lyso-PE constituting the second highest Lyso-PL
after Lyso-PC in blood. Lyso-PE is involved in the stimulation of neurite growth in the
brain and has a potential physiological role in the brain. When DHA is esterified in Lyso-PE,
these lipids are considered as a potent anti-inflammatory and could be a hippocampal
indicator of post-ischemic cognitive impairment. Moreover, researchers suggested that
LPAAT4 could have a potential role in incorporating DHA in the form of Lyso-PA into
the brain.

As mentioned previously, several studies have discussed the cerebral accretion of
non-esterified DHA and DHA esterified in Lyso-PC-DHA, AceDoPC®, PC-DHA, PS-DHA,
PE-DHA, and TG-DHA. AceDoPC® was the privileged carrier of DHA to the brain when
comparing, in vitro and in vivo, the cerebral accretion between AceDoPC®, PC-DHA, and
DHA and ex-vivo when comparing the bioavailability of AceDoPC® and TG-DHA [4,8].
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Moreover, it has been demonstrated that the cerebral accretion of DHA when esterified at
sn-2 position of Lyso-PS is more efficient than PC-DHA, PS-DHA, and LysoPC-DHA.

In vitro and in vivo, Lyso-PC-DHA was a preferred physiological carrier of DHA to
the brain when compared to non-esterified DHA [6,7].

Although many studies have highlighted the cerebral accretion of Lyso-PC-DHA,
cerebral bioavailability of other forms of sn-2 Lyso-PL-DHA including Lyso-PE, Lyso-PS,
Lyso-PI, Lyso-PG, and Lyso-PA are not well explored. Hence, several Lyso-PLs as carrier of
DHA to the brain should be developed and cerebral bioavailability of these Lyso-PLs in
comparison to non-esterified form of DHA can be studied in vivo as well as in vitro.

The main challenge will be maintaining DHA at sn-2 position in synthesized Lyso-PLs
and avoiding DHA’s migration from sn-2 to sn-1 position. A number of approaches have
been defined to reduce the occurrence of acyl migration during de-acylation. These include
the use of a packed bed reactor or the addition of a borax buffer in the reaction medium.
The reaction temperature may also be an important parameter to check. For instance, for
DHA-rich LPL synthesis, lowering the temperature from 40 ◦C to 30 ◦C during the reaction
reduces DHA migration by 37% [154].

The choice of appropriate lipase when hydrolyzing sn-1 position of PLs to produce
Lyso-PL target is another challenge. Endothelial lipase (LE) can be used since LE is a
PLA1 of endothelial cells of BBB responsible for LysoPL and DHA’s generation in plasma.
LE showed specificity towards polar head of PL: PE > PC > PS and a preference for
species containing DHA at sn-2 position [55]. During the Lyso-PL-DHA synthesis process,
thin layer chromatography (TLC) and analytical reverse phase high performance liquid
chromatography (HPLC) can follow the reaction.

Concerning DHA transport to the brain across the BBB, different mechanisms are
known in the literature, taking into consideration that BBB is a physical and metabolic
barrier with high selectivity and specificity regarding the passage of molecules across
it to the brain [2]. Figure 10 elucidates several suggestions of DHA transfer in PLs and
Lyso-PLs form.

Generally, in plasma, DHA is linked to proteins including albumin and lipoproteins. A
dissociation of albumin and lipids occurs to free the lipid content and allow DHA transfer
across BBB whereas the combination of lipoproteins and lipids can pass across endothelial
cells through lipoprotein receptors and result in a facilitated transport process (Figure 10).
Other facilitated transport processes through the BBB involve cerebral membrane proteins
such as fatty acid transport protein (FATP) expressed in various parts of brain and CD36
expressed in endothelial cells [2].

Concerning PL-DHAs passage across the BBB, a simple passive diffusion of these
molecules through the phospholipids bilayer of endothelial cells can occur. Then, through
the action of phospholipases, free fatty acids, and Lyso-PLs are generated. In addition,
PL-DHAs can pass between two adjacent endothelial cells through tight junctions: occludin,
JAM, cadherin, and claudin. Reversible “flip-flop” movements are also well known.

A recent study highlighted the role of major facilitator superfamily domain-containing
protein 2 (Mfsd2a), expressed in BBB endothelium, as a major transporter of Lyso-PC-DHA
to the brain. In fact, Mfsd2a is a membrane transport protein expressed in the endothelium
of BBB and has an important role in BBB formation and function. Importantly, Mfsd2a
transports DHA into the brain only in sn-2-LysoPC-DHA form. However, it was reported
that sn-1-DHA-Lyso-PC is also efficient in carrying DHA to the brain, suggesting that brain
receptor Mfsd2a is not specific only to sn-2-DHA form but also to sn-1-DHA form [149].

Following these results, if Mfsd2a was able to transport Lyso-PC-DHA, will the same
transporter carry different types of Lyso-PL-DHA to the brain? Answering this question
will clarify whether the choline moiety at sn-3 position is critical for the passage of DHA
across the BBB or not.

Finally, production of DHA-rich LysoPLs and study of their passage mechanism across
BBB could be of great relevance to pharmaceutical applications since most commercially
available DHA formulations are in the form of PLs or TGs, which are not the privileged
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carriers of DHA to the brain. These molecules can lead to new therapeutic targets for
neurodegenerative diseases.
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of DHA to the brain should be developed and cerebral bioavailability of these Lyso-PLs 
in comparison to non-esterified form of DHA can be studied in vivo as well as in vitro. 

The main challenge will be maintaining DHA at sn-2 position in synthesized Lyso-
PLs and avoiding DHA’s migration from sn-2 to sn-1 position. A number of approaches 
have been defined to reduce the occurrence of acyl migration during de-acylation. These 
include the use of a packed bed reactor or the addition of a borax buffer in the reaction 
medium. The reaction temperature may also be an important parameter to check. For in-
stance, for DHA-rich LPL synthesis, lowering the temperature from 40 °C to 30 °C during 
the reaction reduces DHA migration by 37% [154]. 

The choice of appropriate lipase when hydrolyzing sn-1 position of PLs to produce 
Lyso-PL target is another challenge. Endothelial lipase (LE) can be used since LE is a PLA1 

of endothelial cells of BBB responsible for LysoPL and DHA’s generation in plasma. LE 
showed specificity towards polar head of PL: PE > PC > PS and a preference for species 
containing DHA at sn-2 position [55]. During the Lyso-PL-DHA synthesis process, thin 
layer chromatography (TLC) and analytical reverse phase high performance liquid chro-
matography (HPLC) can follow the reaction. 

Concerning DHA transport to the brain across the BBB, different mechanisms are 
known in the literature, taking into consideration that BBB is a physical and metabolic 
barrier with high selectivity and specificity regarding the passage of molecules across it 
to the brain [2]. Figure 10 elucidates several suggestions of DHA transfer in PLs and Lyso-
PLs form. 

 

Figure 10. Mechanisms of PLs-DHA and Lyso-PLs-DHA passage across BBB. Mfsd2a: major facilita-
tor superfamily domain-containing protein 2; CD 36: cluster of differentiation 36; FATP: fatty acid
transport protein; PLA: phospholipase A; LPAT: lysophospholipase acyl transferase; DHA: docosa-
hexaenoic acid; LysoPLs-DHA: lysophospholipids carrying DHA; PLs-DHA: phospholipids carrying
DHA; JAM: junctional adhesion molecule (Created with BioRender.com accessed on 7 January 2022).

6. Conclusions

In the context of prospective prevention and treatment of neurodegenerative syn-
dromes, research on DHA benefits as well as transport to the brain has grown significantly
in the last years. However, mechanisms on the bioavailability and DHA incorporation into
the brain should be more explored. Although many studies have suggested that DHA is
transported to brain by DHA transporters more specifically than others, future studies are
required to explore a precise carrier molecule for improving brain DHA and this specific
carrier might be used as a substitute in the prevention and treatment of neurodegenera-
tive disorders.
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lipidomics analysis: Characterization of obesity related hepatic steatosis. BMC Syst. Biol. 2007, 1, 12. [CrossRef]

11. Kitson, A.P.; Stark, K.D.; Duncan, R.E. Enzymes in brain phospholipid docosahexaenoic acid accretion: A PL-ethora of potential
PL-ayers. Prostaglandins, Leukot. Essent. Fat. Acids 2012, 87, 1–10. [CrossRef]

12. Bishop, W.R.; Bell, R.M. Functions of diacylglycerol in glycerolipid metabolism, signal transduction and cellular transformation.
Oncogene Res. 1988, 2, 205–218.

13. Dennis, E.A.; Kennedy, E.P. Intracellular sites of lipid synthesis and the biogenesis of mitochondria. J. Lipid Res. 1972, 13, 263–267.
[CrossRef]

14. DeLong, C.J.; Shen, Y.-J.; Thomas, M.J.; Cui, Z. Molecular Distinction of Phosphatidylcholine Synthesis between the CDP-Choline
Pathway and Phosphatidylethanolamine Methylation Pathway. J. Biol. Chem. 1999, 274, 29683–29688. [CrossRef]

15. Ross, B.M.; Moszczynska, A.; Blusztajn, J.K.; Sherwin, A.; Lozano, A.; Kish, S.J. Phospholipid biosynthetic enzymes in human
brain. Lipids 1997, 32, 351–358. [CrossRef] [PubMed]

16. Vance, D.E.; Schneider, W.J. Conversion of phosphatidylethanolamine to phosphatidylcholine. Methods Enzym. 1981, 71, 581–588.
[CrossRef]

17. Hirata, F.; Axelrod, J. Phospholipid Methylation and Biological Signal Transmission. Science 1980, 209, 1082–1090. [CrossRef]
18. Hattori, H.; Bansal, V.S.; Orihel, D.; Kanfer, J.N. Presence of Phospholipid-N-Methyltransferases and Base-Exchange Enzymes in

Rat Central Nervous System Axolemma-Enriched Fractions. J. Neurochem. 1984, 43, 1018–1024. [CrossRef] [PubMed]
19. Tsvetnitsky, V.; Auchi, L.; Nicolaou, A.; Gibbons, W.A. Characterization of phospholipid methylation in rat brain myelin. Biochem.

J. 1995, 307, 239–244. [CrossRef]
20. Jelsema, C.L.; Morré, D.J. Distribution of phospholipid biosynthetic enzymes among cell components of rat liver. J. Biol. Chem.

1978, 253, 7960–7971. [CrossRef]
21. Siddiqui, R.A.; Exton, J.H. Phospholipid base exchange activity in rat liver plasma membranes. Evidence for regulation by

G-protein and P2y-purinergic receptor. J. Biol. Chem. 1992, 267, 5755–5761. [CrossRef]
22. Grandmaison, P.A.; Nanowski, T.S.; Vance, J.E. Externalization of phosphatidylserine during apoptosis does not specifically

require either isoform of phosphatidylserine synthase. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2004, 1636, 1–11.
[CrossRef] [PubMed]

23. Kiyasu, J.Y.; Pieringer, R.A.; Paulus, H.; Kennedy, E.P. The biosynthesis of phosphatidylglycerol. J. Biol. Chem. 1963, 238,
2293–2298. [CrossRef]

http://doi.org/10.1016/j.plipres.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25920364
http://doi.org/10.1016/j.biochi.2020.01.013
http://doi.org/10.3390/nu12010251
http://www.ncbi.nlm.nih.gov/pubmed/31963708
http://doi.org/10.1051/ocl/2015061
http://doi.org/10.1046/j.1471-4159.1999.0720338.x
http://www.ncbi.nlm.nih.gov/pubmed/9886086
http://doi.org/10.1152/ajpregu.1994.267.5.R1273
http://www.ncbi.nlm.nih.gov/pubmed/7977854
http://doi.org/10.1007/s12035-015-9228-9
http://www.ncbi.nlm.nih.gov/pubmed/26041661
http://doi.org/10.1002/mnfr.201801224
http://www.ncbi.nlm.nih.gov/pubmed/30768751
http://doi.org/10.1186/1752-0509-1-12
http://doi.org/10.1016/j.plefa.2012.06.001
http://doi.org/10.1016/S0022-2275(20)39421-9
http://doi.org/10.1074/jbc.274.42.29683
http://doi.org/10.1007/s11745-997-0044-x
http://www.ncbi.nlm.nih.gov/pubmed/9113621
http://doi.org/10.1016/0076-6879(81)71071-1
http://doi.org/10.1126/science.6157192
http://doi.org/10.1111/j.1471-4159.1984.tb12838.x
http://www.ncbi.nlm.nih.gov/pubmed/6432961
http://doi.org/10.1042/bj3070239
http://doi.org/10.1016/S0021-9258(17)34464-2
http://doi.org/10.1016/S0021-9258(18)42617-8
http://doi.org/10.1016/j.bbalip.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/14984733
http://doi.org/10.1016/S0021-9258(19)67968-8


Int. J. Mol. Sci. 2022, 23, 3969 22 of 27

24. Schlame, M.; Hostetler, K. Cardiolipin synthase from mammalian mitochondria. Biochim. Biophys. Acta (BBA)-Lipids Lipid Metab.
1997, 1348, 207–213. [CrossRef]

25. Hatch, G.M. Cardiolipin biosynthesis in the isolated heart. Biochem. J. 1994, 297, 201–208. [CrossRef] [PubMed]
26. Diagne, A.; Fauvel, J.; Record, M.; Chap, H.; Douste-Blazy, L. Studies on ether phospholipids: II. Comparative composition of

various tissues from human, rat and guinea pig. Biochim. Biophys. Acta (BBA)-Lipids Lipid Metab. 1984, 793, 221–231. [CrossRef]
27. Lands, W.E.; Merkl, I. Metabolism of glycerolipids. III. Reactivity of various acyl esters of coenzyme A with alpha’-

acylglycerophosphorylcholine, and positional specificities in lecithin synthesis. J. Biol. Chem. 1963, 238, 898–904. [CrossRef]
28. MacDonald, J.I.; Sprecher, H. Phospholipid fatty acid remodeling in mammalian cells. Biochim. Biophys. Acta (BBA)-Lipids Lipid

Metab. 1991, 1084, 105–121. [CrossRef]
29. Reddy, T.S.; Bazan, N.G. Activation of polyunsaturated fatty acids by rat tissues in vitro. Lipids 1984, 19, 987–989. [CrossRef]

[PubMed]
30. Reddy, T.; Bazan, N. Synthesis of arachidonoyl coenzyme a and docosahexaenoyl coenzyme a in synaptic plasma membranes of

cerebrum and microsomes of cerebrum, cerebellum, and brain stem of rat brain. J. Neurosci. Res. 1985, 13, 381–390. [CrossRef]
31. Yamashita, A.; Hayashi, Y.; Nemoto-Sasaki, Y.; Ito, M.; Oka, S.; Tanikawa, T.; Waku, K.; Sugiura, T. Acyltransferases and

transacylases that determine the fatty acid composition of glycerolipids and the metabolism of bioactive lipid mediators in
mammalian cells and model organisms. Prog. Lipid Res. 2013, 53, 18–81. [CrossRef]

32. Sugiura, T.; Masuzawa, Y.; Waku, K. Coenzyme A-dependent transacylation system in rabbit liver microsomes. J. Biol. Chem.
1988, 263, 17490–17498. [CrossRef]

33. Kramer, R.M.; Deykin, D. Arachidonoyl transacylase in human platelets. Coenzyme A-independent transfer of arachidonate
from phosphatidylcholine to lysoplasmenylethanolamine. J. Biol. Chem. 1983, 258, 13806–13811. [CrossRef]

34. Masuzawa, Y.; Sugiura, T.; Sprecher, H.; Waku, K. Selective acyl transfer in the reacylation of brain glycerophospholipids.
Comparison of three acylation systems for 1-alk-1′-enylglycero-3-phosphoethanolamine, 1-acylglycero-3-phosphoethanolamine
and 1-acylglycero-3-phosphocholine in rat brain microsomes. Biochim. Biophys. Acta (BBA)-Lipids Lipid Metab. 1989, 1005, 1–12.
[CrossRef]

35. Onuma, Y.; Masuzawa, Y.; Ishima, Y.; Waku, K. Selective incorporation of docosahexaenoic acid in rat brain. Biochim. Biophys.
Acta 1984, 793, 80–85. [PubMed]

36. Baker, R.; Chang, H.-Y. A comparison of lysophosphatidylcholine acyltransferase activities in neuronal nuclei and microsomes
isolated from immature rabbit cerebral cortex. Biochim. Biophys. Acta (BBA)-Lipids Lipid Metab. 1981, 666, 223–229. [CrossRef]

37. Ross, B.M.; Kish, S.J. Characterization of Lysophospholipid Metabolizing Enzymes in Human Brain. J. Neurochem. 2002, 63,
1839–1848. [CrossRef]

38. Vaswani, K.K.; Ledeen, R.W. Purified rat brain myelin contains measurable acyl-CoA:lysophospholipid acyltransferase(s) but
little, if any, glycerol-3-phosphate acyltransferase. J. Neurochem. 1989, 52, 69–74. [CrossRef]

39. Choi, J.; Yin, T.; Shinozaki, K.; Lampe, J.W.; Stevens, J.F.; Becker, L.B.; Kim, J. Comprehensive analysis of phospholipids in the
brain, heart, kidney, and liver: Brain phospholipids are least enriched with polyunsaturated fatty acids. Mol. Cell. Biochem. 2017,
442, 187–201. [CrossRef]

40. Brenna, J.T.; Diau, G.-Y. The influence of dietary docosahexaenoic acid and arachidonic acid on central nervous system polyunsat-
urated fatty acid composition. Prostaglandins, Leukot. Essent. Fat. Acids 2007, 77, 247–250. [CrossRef] [PubMed]

41. Igarashi, M.; Ma, K.; Gao, F.; Kim, H.-W.; Rapoport, S.I.; Rao, J.S. Disturbed Choline Plasmalogen and Phospholipid Fatty Acid
Concentrations in Alzheimer’s Disease Prefrontal Cortex. J. Alzheimer’s Dis. 2011, 24, 507–517. [CrossRef]

42. Su, X.Q.; Wang, J.; Sinclair, A.J. Plasmalogens and Alzheimer’s disease: A review. Lipids Heal. Dis. 2019, 18, 1–10. [CrossRef]
[PubMed]

43. Ahmmed, M.K.; Carne, A.; Bunga, S.; Tian, H.; Bekhit, A.E.-D.A. Lipidomic signature of Pacific lean fish species head and skin
using gas chromatography and nuclear magnetic resonance spectroscopy. Food Chem. 2021, 365, 130637. [CrossRef] [PubMed]

44. Chouinard-Watkins, R.; Chen, C.T.; Metherel, A.H.; Lacombe, R.S.; Thies, F.; Masoodi, M.; Bazinet, R.P. Phospholipid class-specific
brain enrichment in response to lysophosphatidylcholine docosahexaenoic acid infusion. Biochim. Biophys. Acta (BBA)-Mol. Cell
Biol. Lipids 2017, 1862, 1092–1098. [CrossRef]

45. Hishikawa, D.; Hashidate, T.; Shimizu, T.; Shindou, H. Diversity and function of membrane glycerophospholipids generated by
the remodeling pathway in mammalian cells. J. Lipid Res. 2014, 55, 799–807. [CrossRef]

46. Hishikawa, D.; Shindou, H.; Kobayashi, S.; Nakanishi, H.; Taguchi, R.; Shimizu, T. Discovery of a lysophospholipid acyltransferase
family essential for membrane asymmetry and diversity. Proc. Natl. Acad. Sci. USA 2008, 105, 2830–2835. [CrossRef] [PubMed]

47. Thiés, F.; Delachambre, M.C.; Bentejac, M.; Lagarde, M.; Lecerf, J. Unsaturated fatty acids esterified in 2-acyl-l-lysophosphatidylch-
oline bound to albumin are more efficiently taken up by the young rat brain than the unesterified form. J. Neurochem. 1992, 59,
1110–1116. [CrossRef] [PubMed]

48. Ojala, P.J.; Hirvonen, T.E.; Hermansson, M.; Somerharju, P.; Parkkinen, J. Acyl chain-dependent effect of lysophosphatidylcholine
on human neutrophils. J. Leukoc. Biol. 2007, 82, 1501–1509. [CrossRef] [PubMed]

49. Tan, S.T.; Ramesh, T.; Toh, X.R.; Nguyen, L.N. Emerging roles of lysophospholipids in health and disease. Prog. Lipid Res. 2020,
80, 101068. [CrossRef]

50. Sugasini, D.; Thomas, R.; Yalagala, P.C.; Tai, L.M.; Subbaiah, P.V. Dietary docosahexaenoic acid (DHA) as lysophosphatidylcholine,
but not as free acid, enriches brain DHA and improves memory in adult mice. Sci. Rep. 2017, 7, 1–11. [CrossRef] [PubMed]

http://doi.org/10.1016/S0005-2760(97)00119-7
http://doi.org/10.1042/bj2970201
http://www.ncbi.nlm.nih.gov/pubmed/8280100
http://doi.org/10.1016/0005-2760(84)90324-2
http://doi.org/10.1016/S0021-9258(18)81234-0
http://doi.org/10.1016/0005-2760(91)90209-Z
http://doi.org/10.1007/BF02534740
http://www.ncbi.nlm.nih.gov/pubmed/6241280
http://doi.org/10.1002/jnr.490130305
http://doi.org/10.1016/j.plipres.2013.10.001
http://doi.org/10.1016/S0021-9258(19)77862-4
http://doi.org/10.1016/S0021-9258(17)43989-5
http://doi.org/10.1016/0005-2760(89)90024-6
http://www.ncbi.nlm.nih.gov/pubmed/6231055
http://doi.org/10.1016/0005-2760(81)90111-9
http://doi.org/10.1046/j.1471-4159.1994.63051839.x
http://doi.org/10.1111/j.1471-4159.1989.tb10899.x
http://doi.org/10.1007/s11010-017-3203-x
http://doi.org/10.1016/j.plefa.2007.10.016
http://www.ncbi.nlm.nih.gov/pubmed/18023566
http://doi.org/10.3233/JAD-2011-101608
http://doi.org/10.1186/s12944-019-1044-1
http://www.ncbi.nlm.nih.gov/pubmed/30992016
http://doi.org/10.1016/j.foodchem.2021.130637
http://www.ncbi.nlm.nih.gov/pubmed/34329878
http://doi.org/10.1016/j.bbalip.2017.07.013
http://doi.org/10.1194/jlr.R046094
http://doi.org/10.1073/pnas.0712245105
http://www.ncbi.nlm.nih.gov/pubmed/18287005
http://doi.org/10.1111/j.1471-4159.1992.tb08353.x
http://www.ncbi.nlm.nih.gov/pubmed/1494901
http://doi.org/10.1189/jlb.0507292
http://www.ncbi.nlm.nih.gov/pubmed/17884992
http://doi.org/10.1016/j.plipres.2020.101068
http://doi.org/10.1038/s41598-017-11766-0
http://www.ncbi.nlm.nih.gov/pubmed/28900242


Int. J. Mol. Sci. 2022, 23, 3969 23 of 27

51. Azéma, C.; Marques-Vidal, P.; Lespine, A.; Simard, G.; Chap, H.; Perret, B. Kinetic evidence for phosphatidylethanolamine and
triacylglycerol as preferential substrates for hepatic lipase in HDL subfractions: Modulation by changes in the particle surface, or
in the lipid core. Biochim. Biophys. Acta (BBA)-Lipids Lipid Metab. 1990, 1046, 73–80. [CrossRef]

52. Glomset, J.A. The mechanism of the plasma cholesterol esterification reaction: Plasma fatty acid transferase. Biochim. Biophys.
Acta 1962, 65, 128–135. [CrossRef]

53. Subbaiah, P.V.; Sowa, J.M.; Davidson, M.H. Evidence for altered positional specificity of LCAT in vivo: Studies with docosahex-
aenoic acid feeding in humans. J. Lipid Res. 2004, 45, 2245–2251. [CrossRef]

54. Brossard, N.; Croset, M.; Normand, S.; Pousin, J.; Lecerf, J.; Laville, M.; Tayot, J.L.; Lagarde, M. Human plasma albumin transports
[13C]docosahexaenoic acid in two lipid forms to blood cells. J. Lipid Res. 1997, 38, 1571–1582. [CrossRef]

55. Chen, S.; Subbaiah, P.V. Phospholipid and fatty acid specificity of endothelial lipase: Potential role of the enzyme in the delivery
of docosahexaenoic acid (DHA) to tissues. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2007, 1771, 1319–1328. [CrossRef]

56. Gendaszewska-Darmach, E. Lysophosphatidic acids, cyclic phosphatidic acids and autotaxin as promising targets in therapies of
cancer and other diseases. Acta Biochim. Pol. 2008, 55, 227–240. [CrossRef] [PubMed]

57. Sun, Y.; Lee, J.-H.; Kim, N.-H.; Lee, C.-W.; Kim, M.-J.; Kim, S.-H.; Huh, S.-O. Lysophosphatidylcholine-induced apoptosis in H19-7
hippocampal progenitor cells is enhanced by the upregulation of Fas Ligand. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids
2009, 1791, 61–68. [CrossRef]

58. McMurray, H.F.; Parthasarathy, S.; Steinberg, D. Oxidatively modified low density lipoprotein is a chemoattractant for human T
lymphocytes. J. Clin. Investig. 1993, 92, 1004–1008. [CrossRef]

59. Takahara, N.; Kashiwagi, A.; Maegawa, H.; Shigeta, Y. Lysophosphatidylcholine stimulates the expression and production of
MCP-1 by human vascular endothelial cells. Metabolism 1996, 45, 559–564. [CrossRef]

60. Aiyar, N.; Disa, J.; Ao, Z.; Ju, H.; Nerurkar, S.; Willette, R.N.; Macphee, C.H.; Johns, D.G.; Douglas, S.A. Lysophosphatidylcholine
induces inflammatory activation of human coronary artery smooth muscle cells. Mol. Cell. Biochem. 2006, 295, 113–120. [CrossRef]

61. Katz, A.M.; Messineo, F.C. Lipids and Membrane Function: Implications in Arrhythmias. Hosp. Pract. 1981, 16, 49–59. [CrossRef]
[PubMed]

62. Han, K.H.; Hong, K.H.; Ko, J.; Rhee, K.S.; Hong, M.K.; Kim, J.J.; Kim, Y.H.; Park, S.J. Lysophosphatidylcholine up-regulates
CXCR4 chemokine receptor expression in human CD4 T cells. J. Leukoc. Biol. 2004, 76, 195–202. [CrossRef] [PubMed]

63. Yan, J.-J.; Jung, J.-S.; Lee, J.-E.; Lee, J.; Huh, S.-O.; Kim, H.-S.; Jung, K.C.; Cho, J.-Y.; Nam, J.-S.; Suh, H.-W.; et al. Therapeutic effects
of lysophosphatidylcholine in experimental sepsis. Nat. Med. 2004, 10, 161–167. [CrossRef]

64. Zembowicz, A.; Tang, J.-L.; Wu, K.K. Transcriptional Induction of Endothelial Nitric Oxide Synthase Type III by Lysophos-
phatidylcholine. J. Biol. Chem. 1995, 270, 17006–17010. [CrossRef]

65. Hung, N.D.; Sok, D.-E.; Kim, M.R. Prevention of 1-palmitoyl lysophosphatidylcholine-induced inflammation by polyunsaturated
acyl lysophosphatidylcholine. Agents Actions 2012, 61, 473–483. [CrossRef] [PubMed]

66. Alakbarzade, V.; Hameed, A.; Quek, D.Q.Y.; Chioza, B.A.; Baple, E.L.; Cazenave-Gassiot, A.; Nguyen, L.N.; Wenk, M.R.;
Ahmad, A.Q.; Sreekantan-Nair, A.; et al. A partially inactivating mutation in the sodium-dependent lysophosphatidylcholine
transporter MFSD2A causes a non-lethal microcephaly syndrome. Nat. Genet. 2015, 47, 814–817. [CrossRef] [PubMed]

67. Chan, J.P.; Wong, B.H.; Chin, C.F.; Galam, D.L.A.; Foo, J.C.; Wong, L.C.; Ghosh, S.; Wenk, M.R.; Cazenave-Gassiot, A.; Silver, D.L.
The lysolipid transporter Mfsd2a regulates lipogenesis in the developing brain. PLoS Biol. 2018, 16, e2006443. [CrossRef]
[PubMed]

68. Patrick, R.P. Role of phosphatidylcholine-DHA in preventing APOE4-associated Alzheimer’s disease. FASEB J. 2019, 33, 1554–1564.
[CrossRef] [PubMed]

69. Scheinman, S.B.; Sugasini, D.; Zayed, M.; Yalagala, P.C.R.; Marottoli, F.M.; Subbaiah, P.V.; Tai, L.M. LPC-DHA/EPA-Enriched
Diets Increase Brain DHA and Modulate Behavior in Mice That Express Human APOE4. Front. Neurosci. 2021, 15, 767. [CrossRef]
[PubMed]

70. Semba, R.D. Perspective: The Potential Role of Circulating Lysophosphatidylcholine in Neuroprotection against Alzheimer
Disease. Adv. Nutr. Int. Rev. J. 2020, 11, 760–772. [CrossRef]

71. Lagarde, M.; Bernoud, N.; Brossard, N.; Lemaitre-Delaunay, D.; Thies, F.; Croset, M.; Lecerf, J. Lysophosphatidylcholine as a
Preferred Carrier Form of Docosahexaenoic Acid to the Brain. J. Mol. Neurosci. 2001, 16, 201–204. [CrossRef]

72. Nguyen, L.N.; Ma, D.; Shui, G.; Wong, P.; Cazenave-Gassiot, A.; Zhang, X.; Wenk, M.R.; Goh, E.L.K.; Silver, D.L. Mfsd2a is a
transporter for the essential omega-3 fatty acid docosahexaenoic acid. Nature 2014, 509, 503–506. [CrossRef] [PubMed]

73. Wong, B.H.; Chan, J.P.; Cazenave-Gassiot, A.; Poh, R.W.; Foo, J.C.; Galam, D.L.A.; Ghosh, S.; Nguyen, L.N.; Barathi, V.A.;
Yeo, S.W.; et al. Mfsd2a Is a Transporter for the Essentialω-3 Fatty Acid Docosahexaenoic Acid (DHA) in Eye and Is Important
for Photoreceptor Cell Development. J. Biol. Chem. 2016, 291, 10501–10514. [CrossRef]

74. Sugasini, D.; Yalagala, P.; Subbaiah, P. Efficient Enrichment of Retinal DHA with Dietary Lysophosphatidylcholine-DHA: Potential
Application for Retinopathies. Nutrients 2020, 12, 3114. [CrossRef] [PubMed]

75. Yalagala, P.C.; Sugasini, D.; Dasarathi, S.; Pahan, K.; Subbaiah, P.V. Dietary lysophosphatidylcholine-EPA enriches both EPA and
DHA in the brain: Potential treatment for depression. J. Lipid Res. 2019, 60, 566–578. [CrossRef] [PubMed]

76. Law, S.-H.; Chan, M.-L.; Marathe, G.K.; Parveen, F.; Chen, C.-H.; Ke, L.-Y. An Updated Review of Lysophosphatidylcholine
Metabolism in Human Diseases. Int. J. Mol. Sci. 2019, 20, 1149. [CrossRef]

http://doi.org/10.1016/0005-2760(90)90096-G
http://doi.org/10.1016/0006-3002(62)90156-7
http://doi.org/10.1194/jlr.M400197-JLR200
http://doi.org/10.1016/S0022-2275(20)37175-3
http://doi.org/10.1016/j.bbalip.2007.08.001
http://doi.org/10.18388/abp.2008_3070
http://www.ncbi.nlm.nih.gov/pubmed/18560605
http://doi.org/10.1016/j.bbalip.2008.09.007
http://doi.org/10.1172/JCI116605
http://doi.org/10.1016/S0026-0495(96)90024-4
http://doi.org/10.1007/s11010-006-9280-x
http://doi.org/10.1080/21548331.1981.11946799
http://www.ncbi.nlm.nih.gov/pubmed/6265339
http://doi.org/10.1189/jlb.1103563
http://www.ncbi.nlm.nih.gov/pubmed/15178707
http://doi.org/10.1038/nm989
http://doi.org/10.1074/jbc.270.28.17006
http://doi.org/10.1007/s00011-012-0434-x
http://www.ncbi.nlm.nih.gov/pubmed/22252240
http://doi.org/10.1038/ng.3313
http://www.ncbi.nlm.nih.gov/pubmed/26005865
http://doi.org/10.1371/journal.pbio.2006443
http://www.ncbi.nlm.nih.gov/pubmed/30074985
http://doi.org/10.1096/fj.201801412R
http://www.ncbi.nlm.nih.gov/pubmed/30289748
http://doi.org/10.3389/fnins.2021.690410
http://www.ncbi.nlm.nih.gov/pubmed/34276296
http://doi.org/10.1093/advances/nmaa024
http://doi.org/10.1385/JMN:16:2-3:201
http://doi.org/10.1038/nature13241
http://www.ncbi.nlm.nih.gov/pubmed/24828044
http://doi.org/10.1074/jbc.M116.721340
http://doi.org/10.3390/nu12103114
http://www.ncbi.nlm.nih.gov/pubmed/33053841
http://doi.org/10.1194/jlr.M090464
http://www.ncbi.nlm.nih.gov/pubmed/30530735
http://doi.org/10.3390/ijms20051149


Int. J. Mol. Sci. 2022, 23, 3969 24 of 27

77. Quehenberger, O.; Armando, A.M.; Brown, A.H.; Milne, S.B.; Myers, D.S.; Merrill, A.H.; Bandyopadhyay, S.; Jones, K.N.; Kelly, S.;
Shaner, R.L.; et al. Lipidomics reveals a remarkable diversity of lipids in human plasma1. J. Lipid Res. 2010, 51, 3299–3305.
[CrossRef] [PubMed]

78. Park, K.S.; Lee, H.Y.; Lee, S.Y.; Kim, M.-K.; Kim, S.D.; Kim, J.M.; Yun, J.; Im, D.-S.; Bae, Y.-S. Lysophosphatidylethanolamine
stimulates chemotactic migration and cellular invasion in SK-OV3 human ovarian cancer cells: Involvement of pertussis
toxin-sensitive G-protein coupled receptor. FEBS Lett. 2007, 581, 4411–4416. [CrossRef] [PubMed]

79. Park, S.-J.; Lee, K.-P.; Kang, S.; Chung, H.-Y.; Bae, Y.-S.; Okajima, F.; Im, D.-S. Lysophosphatidylethanolamine utilizes LPA1 and
CD97 in MDA-MB-231 breast cancer cells. Cell. Signal. 2013, 25, 2147–2154. [CrossRef] [PubMed]

80. Hisano, K.; Yoshida, H.; Kawase, S.; Mimura, T.; Haniu, H.; Tsukahara, T.; Kurihara, T.; Matsuda, Y.; Saito, N.; Uemura, T.
Abundant oleoyl-lysophosphatidylethanolamine in brain stimulates neurite outgrowth and protects against glutamate toxicity in
cultured cortical neurons. J. Biochem. 2021, 170, 327–336. [CrossRef] [PubMed]

81. Hisano, K.; Kawase, S.; Mimura, T.; Yoshida, H.; Yamada, H.; Haniu, H.; Tsukahara, T.; Kurihara, T.; Matsuda, Y.; Saito, N.; et al.
Structurally different lysophosphatidylethanolamine species stimulate neurite outgrowth in cultured cortical neurons via distinct
G-protein-coupled receptors and signaling cascades. Biochem. Biophys. Res. Commun. 2020, 534, 179–185. [CrossRef] [PubMed]

82. Hung, N.D.; Kim, M.R.; Sok, D.-E. 2-Polyunsaturated Acyl Lysophosphatidylethanolamine Attenuates Inflammatory Response in
Zymosan A-Induced Peritonitis in Mice. Lipids 2011, 46, 893–906. [CrossRef] [PubMed]

83. Eto, M.; Shindou, H.; Yamamoto, S.; Tamura-Nakano, M.; Shimizu, T. Lysophosphatidylethanolamine acyltransferase 2 (LPEAT2)
incorporates DHA into phospholipids and has possible functions for fatty acid-induced cell death. Biochem. Biophys. Res. Commun.
2020, 526, 246–252. [CrossRef] [PubMed]

84. Guaqueta, A.M.S.; Villamil-Ortiz, J.G.; Arias-Londoño, J.D.; Cardona-Gomez, G.P. Inverse Phosphatidylcholine/Phosphatidylino-
sitol Levels as Peripheral Biomarkers and Phosphatidylcholine/Lysophosphatidylethanolamine-Phosphatidylserine as Hip-
pocampal Indicator of Postischemic Cognitive Impairment in Rats. Front. Neurosci. 2018, 12, 989. [CrossRef] [PubMed]

85. Kimura, A.K.; Kim, H.-Y. Phosphatidylserine synthase 2: High efficiency for synthesizing phosphatidylserine containing
docosahexaenoic acid. J. Lipid Res. 2013, 54, 214–222. [CrossRef]

86. Shanbhag, K.; Mhetre, A.; Khandelwal, N.; Kamat, S.S. The Lysophosphatidylserines—An Emerging Class of Signalling Lysophos-
pholipids. J. Membr. Biol. 2020, 253, 381–397. [CrossRef] [PubMed]

87. Zhao, Y.; Hasse, S.; Bourgoin, S.G. Phosphatidylserine-specific phospholipase A1: A friend or the devil in disguise. Prog. Lipid
Res. 2021, 83, 101112. [CrossRef]

88. Kim, K.; Kim, H.L.; Lee, Y.K.; Han, M.; Sacket, S.J.; Jo, J.Y.; Kim, Y.L.; Im, D.S. Lysophosphatidylserine induces calcium signaling
through Ki16425/VPC32183-sensitive GPCR in bone marrow-derived mast cells and in C6 glioma and colon cancer cells. Arch.
Pharm. Res. 2008, 31, 310–317. [CrossRef]

89. Konkel, J.E.; Zhang, D.; Zanvit, P.; Chia, C.; Zangarle-Murray, T.; Jin, W.; Wang, S.; Chen, W. Transforming Growth Factor-β
Signaling in Regulatory T Cells Controls T Helper-17 Cells and Tissue-Specific Immune Responses. Immunity 2017, 46, 660–674.
[CrossRef]

90. Okudaira, M.; Inoue, A.; Shuto, A.; Nakanaga, K.; Kano, K.; Makide, K.; Saigusa, D.; Tomioka, Y.; Aoki, J. Separation and
quantification of 2-acyl-1-lysophospholipids and 1-acyl-2-lysophospholipids in biological samples by LC-MS/MS. J. Lipid Res.
2014, 55, 2178–2192. [CrossRef] [PubMed]

91. Kitamura, H.; Makide, K.; Shuto, A.; Ikubo, M.; Inoue, A.; Suzuki, K.; Sato, Y.; Nakamura, S.; Otani, Y.; Ohwada, T.; et al. GPR34
is a receptor for lysophosphatidylserine with a fatty acid at the sn-2 position. J. Biochem. 2012, 151, 511–518. [CrossRef] [PubMed]

92. Blankman, J.L.; Long, J.Z.; Trauger, S.A.; Siuzdak, G.; Cravatt, B.F. ABHD12 controls brain lysophosphatidylserine pathways that
are deregulated in a murine model of the neurodegenerative disease PHARC. Proc. Natl. Acad. Sci. USA 2013, 110, 1500–1505.
[CrossRef] [PubMed]

93. Singh, S.; Joshi, A.; Kamat, S.S. Mapping the neuroanatomy of ABHD16A–ABHD12 & lysophosphatidylserines provides new
insights into the pathophysiology of the human neurological disorder PHARC. Biochemistry 2020, 59, 2299–2311. [PubMed]

94. Bononi, G.; Tuccinardi, T.; Rizzolio, F.; Granchi, C. α/β-Hydrolase Domain (ABHD) Inhibitors as New Potential Therapeutic
Options against Lipid-Related Diseases. J. Med. Chem. 2021, 64, 9759–9785. [CrossRef] [PubMed]

95. Iwatani, S.; Iijima, H.; Otake, Y.; Amano, T.; Tani, M.; Yoshihara, T.; Tashiro, T.; Tsujii, Y.; Inoue, T.; Hayashi, Y.; et al. Novel mass
spectrometry-based comprehensive lipidomic analysis of plasma from patients with inflammatory bowel disease. J. Gastroenterol.
Hepatol. 2020, 35, 1355–1364. [CrossRef] [PubMed]

96. Inoue, A.; Ishiguro, J.; Kitamura, H.; Arima, N.; Okutani, M.; Shuto, A.; Higashiyama, S.; Ohwada, T.; Arai, H.; Makide, K.; et al.
TGFα shedding assay: An accurate and versatile method for detecting GPCR activation. Nat. Methods 2012, 9, 1021–1029.
[CrossRef] [PubMed]

97. Ishii, I.; Fukushima, N.; Ye, X.; Chun, J. Lysophospholipid Receptors: Signaling and Biology. Annu. Rev. Biochem. 2004, 73,
321–354. [CrossRef]

98. Wang, C.-C.; Guo, Y.; Zhou, M.-M.; Xue, C.-H.; Chang, Y.-G.; Zhang, T.-T.; Wang, Y.-M. Comparative studies of DHA-enriched
phosphatidylcholine and recombination of DHA-ethyl ester with egg phosphatidylcholine on ameliorating memory and cognitive
deficiency in SAMP8 mice. Food Funct. 2019, 10, 938–950. [CrossRef]

99. Khandelwal, N.; Shaikh, M.; Mhetre, A.; Singh, S.; Sajeevan, T.; Joshi, A.; Balaji, K.N.; Chakrapani, H.; Kamat, S.S. Fatty acid chain
length drives lysophosphatidylserine-dependent immunological outputs. Cell Chem. Biol. 2021, 28, 1169–1179.e6. [CrossRef]

http://doi.org/10.1194/jlr.M009449
http://www.ncbi.nlm.nih.gov/pubmed/20671299
http://doi.org/10.1016/j.febslet.2007.08.014
http://www.ncbi.nlm.nih.gov/pubmed/17719584
http://doi.org/10.1016/j.cellsig.2013.07.001
http://www.ncbi.nlm.nih.gov/pubmed/23838008
http://doi.org/10.1093/jb/mvab046
http://www.ncbi.nlm.nih.gov/pubmed/33822960
http://doi.org/10.1016/j.bbrc.2020.11.119
http://www.ncbi.nlm.nih.gov/pubmed/33298313
http://doi.org/10.1007/s11745-011-3589-2
http://www.ncbi.nlm.nih.gov/pubmed/21744277
http://doi.org/10.1016/j.bbrc.2020.03.074
http://www.ncbi.nlm.nih.gov/pubmed/32204912
http://doi.org/10.3389/fnins.2018.00989
http://www.ncbi.nlm.nih.gov/pubmed/30627084
http://doi.org/10.1194/jlr.M031989
http://doi.org/10.1007/s00232-020-00133-2
http://www.ncbi.nlm.nih.gov/pubmed/32767057
http://doi.org/10.1016/j.plipres.2021.101112
http://doi.org/10.1007/s12272-001-1157-x
http://doi.org/10.1016/j.immuni.2017.03.015
http://doi.org/10.1194/jlr.D048439
http://www.ncbi.nlm.nih.gov/pubmed/25114169
http://doi.org/10.1093/jb/mvs011
http://www.ncbi.nlm.nih.gov/pubmed/22343749
http://doi.org/10.1073/pnas.1217121110
http://www.ncbi.nlm.nih.gov/pubmed/23297193
http://www.ncbi.nlm.nih.gov/pubmed/32462874
http://doi.org/10.1021/acs.jmedchem.1c00624
http://www.ncbi.nlm.nih.gov/pubmed/34213320
http://doi.org/10.1111/jgh.15067
http://www.ncbi.nlm.nih.gov/pubmed/32285970
http://doi.org/10.1038/nmeth.2172
http://www.ncbi.nlm.nih.gov/pubmed/22983457
http://doi.org/10.1146/annurev.biochem.73.011303.073731
http://doi.org/10.1039/C8FO01822G
http://doi.org/10.1016/j.chembiol.2021.01.008


Int. J. Mol. Sci. 2022, 23, 3969 25 of 27

100. Gao, Y.; Cui, M.; Zhong, S.; Feng, C.; Nwobodo, A.K.; Chen, B.; Song, Y.; Wang, Y. Dihydroartemisinin ameliorates LPS-induced
neuroinflammation by inhibiting the PI3K/AKT pathway. Metab. Brain Dis. 2020, 35, 661–672. [CrossRef]

101. Fourrier, C.; Remus-Borel, J.; Greenhalgh, A.D.; Guichardant, M.; Bernoud-Hubac, N.; Lagarde, M.; Joffre, C.; Layé, S. Docosa-
hexaenoic acid-containing choline phospholipid modulates LPS-induced neuroinflammation in vivo and in microglia in vitro.
J. Neuroinflamm. 2017, 14, 1–13. [CrossRef] [PubMed]

102. Richmond, G.S.; Smith, T.K. Phospholipases A1. Int. J. Mol. Sci. 2011, 12, 588–612. [CrossRef] [PubMed]
103. Aoki, J.; Inoue, A.; Makide, K.; Saiki, N.; Arai, H. Structure and function of extracellular phospholipase A1 belonging to the

pancreatic lipase gene family. Biochimie 2007, 89, 197–204. [CrossRef] [PubMed]
104. Murakami, M.; Shimbara, S.; Kambe, T.; Kuwata, H.; Winstead, M.V.; Tischfield, J.A.; Kudo, I. The functions of five distinct

mammalian phospholipase A2s in regulating arachidonic acid release: Type IIA and type V secretory phospholipase A2s are
functionally redundant and act in concert with cytosolic phospholipase A2. J. Biol. Chem. 1998, 273, 14411–14423. [CrossRef]
[PubMed]

105. Tsushima, T.; Ohkubo, T.; Onoyama, K.; Linder, M.; Takahashi, K. Lysophosphatidylserine form DHA maybe the most effective as
substrate for brain DHA accretion. Biocatal. Agric. Biotechnol. 2013, 3, 303–309. [CrossRef]

106. Greig, L.C.; Woodworth, M.; Galazo, M.; Padmanabhan, H.; Macklis, J.D. Molecular logic of neocortical projection neuron
specification, development and diversity. Nat. Rev. Neurosci. 2013, 14, 755–769. [CrossRef]

107. Yang, X.-Y.; Zhao, E.Y.; Zhuang, W.-X.; Sun, F.-X.; Han, H.-L.; Han, H.-R.; Lin, Z.-J.; Pan, Z.-F.; Qu, M.-H.; Zeng, X.-W.; et al. LPA
signaling is required for dopaminergic neuron development and is reduced through low expression of the LPA1 receptor in a
6-OHDA lesion model of Parkinson’s disease. Neurol. Sci. 2015, 36, 2027–2033. [CrossRef]

108. Roza, C.; Campos-Sandoval, J.A.; Gómez-García, M.C.; Peñalver, A.; Márquez, J. Lysophosphatidic Acid and Glutamatergic
Transmission. Front. Mol. Neurosci. 2019, 12, 138. [CrossRef] [PubMed]

109. Geraldo, L.H.M.; Spohr, T.C.L.D.S.; Amaral, R.F.D.; Fonseca, A.C.C.D.; Garcia, C.; Mendes, F.D.A.; Freitas, C.; dosSantos, M.F.;
Lima, F.R.S. Role of lysophosphatidic acid and its receptors in health and disease: Novel therapeutic strategies. Sig. Transduct.
Target. Ther. 2021, 6, 1–18. [CrossRef] [PubMed]

110. McDougall, J.; Albacete, S.; Schuelert, N.; Mitchell, P.; Lin, C.; Oskins, J.; Bui, H.; Chambers, M. Lysophosphatidic acid provides a
missing link between osteoarthritis and joint neuropathic pain. Osteoarthr. Cartil. 2016, 25, 926–934. [CrossRef] [PubMed]

111. Ramesh, S.; Govindarajulu, M.; Suppiramaniam, V.; Moore, T.; Dhanasekaran, M. Autotaxin–Lysophosphatidic Acid Signaling in
Alzheimer’s Disease. Int. J. Mol. Sci. 2018, 19, 1827. [CrossRef]

112. Ueda, H. Lysophosphatidic Acid as the Initiator of Neuropathic Pain. Biol. Pharm. Bull. 2011, 34, 1154–1158. [CrossRef] [PubMed]
113. Gaire, B.P.; Sapkota, A.; Song, M.-R.; Choi, J.W. Lysophosphatidic acid receptor 1 (LPA1) plays critical roles in microglial activation

and brain damage after transient focal cerebral ischemia. J. Neuroinflamm. 2019, 16, 1–16. [CrossRef] [PubMed]
114. Eto, M.; Shindou, H.; Shimizu, T. A novel lysophosphatidic acid acyltransferase enzyme (LPAAT4) with a possible role for

incorporating docosahexaenoic acid into brain glycerophospholipids. Biochem. Biophys. Res. Commun. 2013, 443, 718–724.
[CrossRef] [PubMed]

115. Omori, W.; Kano, K.; Hattori, K.; Kajitani, N.; Tsuchioka, M.O.; Boku, S.; Kunugi, H.; Aoki, J.; Takebayashi, M. Reduced
cerebrospinal fluid levels of lysophosphatidic acid docosahexaenoic acid (LPA-DHA) in patients with major depressive disorder
and schizophrenia. Int. J. Neuropsychopharmacol. 2021, 24, 948–955. [CrossRef] [PubMed]

116. Shahidi, F.; Ambigaipalan, P. Omega-3 Polyunsaturated Fatty Acids and Their Health Benefits. Annu. Rev. Food Sci. Technol. 2018,
9, 345–381. [CrossRef] [PubMed]

117. Fairbairn, P.; Tsofliou, F.; Johnson, A.; Dyall, S.C. Combining a high DHA multi-nutrient supplement with aerobic exercise:
Protocol for a randomised controlled study assessing mobility and cognitive function in older women. Prostaglandins Leukot.
Essent. Fat. Acids 2019, 143, 21–30. [CrossRef] [PubMed]

118. Gammone, M.A.; Riccioni, G.; Parrinello, G.; D’Orazio, N. Omega-3 Polyunsaturated Fatty Acids: Benefits and Endpoints in
Sport. Nutrients 2018, 11, 46. [CrossRef]

119. Li, T.; Ruan, D.-G.; Lin, Z.-M.; Liu, T.-Y.; Wang, K.; Xu, X.-Y.; Duan, R. Endurance Training Counteracts the High-Fat Diet-Induced
Profiling Changes of ω-3 Polyunsaturated Fatty Acids in Skeletal Muscle of Middle-Aged Rats. Front. Physiol. 2019, 10, 971.
[CrossRef] [PubMed]

120. Chang, J.P.-C.; Su, K.-P.; Mondelli, V.; Pariante, C.M. Omega-3 Polyunsaturated Fatty Acids in Youths with Attention Deficit Hy-
peractivity Disorder: A Systematic Review and Meta-Analysis of Clinical Trials and Biological Studies. Neuropsychopharmacology
2017, 43, 534–545. [CrossRef] [PubMed]

121. Fuentes-Albero, M.; Martínez, M.I.; Cauli, O. Omega-3 Long-Chain Polyunsaturated Fatty Acids Intake in Children with Attention
Deficit and Hyperactivity Disorder. Brain Sci. 2019, 9, 120. [CrossRef] [PubMed]

122. Chauveau, F.; Cho, T.-H.; Perez, M.; Guichardant, M.; Riou, A.; Aguettaz, P.; Picq, M.; Lagarde, M.; Berthezene, Y.; Nighoghossian,
N.; et al. Brain-Targeting Form of Docosahexaenoic Acid for Experimental Stroke Treatment: MRI Evaluation and Anti-Oxidant
Impact. Curr. Neurovascular Res. 2011, 8, 95–102. [CrossRef]

123. Belkouch, M.; Hachem, M.; Elgot, A.; Van, A.L.; Picq, M.; Guichardant, M.; Lagarde, M.; Bernoud-Hubac, N. The pleiotropic
effects of omega-3 docosahexaenoic acid on the hallmarks of Alzheimer’s disease. J. Nutr. Biochem. 2016, 38, 1–11. [CrossRef]
[PubMed]

http://doi.org/10.1007/s11011-020-00533-2
http://doi.org/10.1186/s12974-017-0939-x
http://www.ncbi.nlm.nih.gov/pubmed/28838312
http://doi.org/10.3390/ijms12010588
http://www.ncbi.nlm.nih.gov/pubmed/21340002
http://doi.org/10.1016/j.biochi.2006.09.021
http://www.ncbi.nlm.nih.gov/pubmed/17101204
http://doi.org/10.1074/jbc.273.23.14411
http://www.ncbi.nlm.nih.gov/pubmed/9603953
http://doi.org/10.1016/j.bcab.2013.11.013
http://doi.org/10.1038/nrn3586
http://doi.org/10.1007/s10072-015-2295-x
http://doi.org/10.3389/fnmol.2019.00138
http://www.ncbi.nlm.nih.gov/pubmed/31191247
http://doi.org/10.1038/s41392-020-00367-5
http://www.ncbi.nlm.nih.gov/pubmed/33526777
http://doi.org/10.1016/j.joca.2016.08.016
http://www.ncbi.nlm.nih.gov/pubmed/27651153
http://doi.org/10.3390/ijms19071827
http://doi.org/10.1248/bpb.34.1154
http://www.ncbi.nlm.nih.gov/pubmed/21804198
http://doi.org/10.1186/s12974-019-1555-8
http://www.ncbi.nlm.nih.gov/pubmed/31429777
http://doi.org/10.1016/j.bbrc.2013.12.043
http://www.ncbi.nlm.nih.gov/pubmed/24333445
http://doi.org/10.1093/ijnp/pyab044
http://www.ncbi.nlm.nih.gov/pubmed/34214158
http://doi.org/10.1146/annurev-food-111317-095850
http://www.ncbi.nlm.nih.gov/pubmed/29350557
http://doi.org/10.1016/j.plefa.2019.04.001
http://www.ncbi.nlm.nih.gov/pubmed/30975379
http://doi.org/10.3390/nu11010046
http://doi.org/10.3389/fphys.2019.00971
http://www.ncbi.nlm.nih.gov/pubmed/31417429
http://doi.org/10.1038/npp.2017.160
http://www.ncbi.nlm.nih.gov/pubmed/28741625
http://doi.org/10.3390/brainsci9050120
http://www.ncbi.nlm.nih.gov/pubmed/31126106
http://doi.org/10.2174/156720211795495349
http://doi.org/10.1016/j.jnutbio.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27825512


Int. J. Mol. Sci. 2022, 23, 3969 26 of 27

124. Avallone, R.; Vitale, G.; Bertolotti, M. Omega-3 Fatty Acids and Neurodegenerative Diseases: New Evidence in Clinical Trials. Int.
J. Mol. Sci. 2019, 20, 4256. [CrossRef]

125. Kamel, F.; Goldman, S.M.; Umbach, D.M.; Chen, H.; Richardson, G.; Barber, M.R.; Meng, C.; Marras, C.; Korell, M.;
Kasten, M.; et al. Dietary fat intake, pesticide use, and Parkinson’s disease. Parkinsonism Relat. Disord. 2014, 20, 82–87. [CrossRef]
[PubMed]

126. Van, A.L.; Sakayori, N.; Hachem, M.; Belkouch, M.; Picq, M.; Lagarde, M.; Osumi, N.; Bernoud-Hubac, N. Mechanisms of DHA
transport to the brain and potential therapy to neurodegenerative diseases. Biochimie 2016, 130, 163–167. [CrossRef] [PubMed]

127. Pomponi, M.; Loria, G.; Salvati, S.; Di Biase, A.; Conte, G.; Villella, C.; Righino, E.; Ciciarelli, C.; Bria, P.; La Torre, G.; et al. DHA
effects in Parkinson disease depression. Basal Ganglia 2014, 4, 61–66. [CrossRef]

128. Taghizadeh, M.; Tamtaji, O.R.; Dadgostar, E.; Daneshvar Kakhaki, R.; Bahmani, F.; Abolhassani, J.; Aarabia, M.A.; Kouchaki, E.;
Memarzadeh, M.R.; Asemi, Z. The effects of omega-3 fatty acids and vitamin E co-supplementation on clinical and metabolic
status in patients with Parkinson’s disease: A randomized, double-blind, placebo-controlled trial. Neurochem. Int. 2017, 108,
183–189. [CrossRef]

129. Mori, M.A.; Delattre, A.M.; Carabelli, B.; Pudell, C.; Bortolanza, M.; Staziaki, P.V.; Visentainer, J.V.; Montanher, P.F.; Del Bel, E.A.;
Ferraz, A.C. Neuroprotective effect of omega-3 polyunsaturated fatty acids in the 6-OHDA model of Parkinson’s disease is
mediated by a reduction of inducible nitric oxide synthase. Nutr. Neurosci. 2017, 21, 341–351. [CrossRef] [PubMed]

130. Wang, C.; Wang, D.; Xu, J.; Yanagita, T.; Xue, C.; Zhang, T.; Wang, Y. DHA enriched phospholipids with different polar groups
(PC and PS) had different improvements on MPTP-induced mice with Parkinson’s disease. J. Funct. Foods 2018, 45, 417–426.
[CrossRef]

131. Cunnane, S.C.; Plourde, M.; Pifferi, F.; Bégin, M.; Féart, C.; Barberger-Gateau, P. Fish, docosahexaenoic acid and Alzheimer’s
disease. Prog. Lipid Res. 2009, 48, 239–256. [CrossRef] [PubMed]

132. Kalmijn, S.; Launer, L.J.; Ott, A.; Witteman, J.C.M.; Hofman, A.; Breteler, M.M.B. Dietary fat intake and the risk of incident
dementia in the Rotterdam study. Ann. Neurol. 1997, 42, 776–782. [CrossRef] [PubMed]

133. Morris, M.C.; Tangney, C.C.; Wang, Y.; Sacks, F.M.; Bennett, D.A.; Aggarwal, N.T. MIND diet associated with reduced incidence
of Alzheimer’s disease. Alzheimer’s Dement. 2015, 11, 1007–1014. [CrossRef]

134. Morris, M.C.; Evans, D.A.; Bienias, J.L.; Tangney, C.C.; Bennett, D.A.; Wilson, R.S.; Aggarwal, N.; Schneider, J. Consumption of
Fish and n-3 Fatty Acids and Risk of Incident Alzheimer Disease. Arch. Neurol. 2003, 60, 940–946. [CrossRef] [PubMed]

135. Freund-Levi, Y.; Eriksdotter-Jönhagen, M.; Cederholm, T.; Basun, H.; Faxen-Irving, G.; Garlind, A.; Vedin, I.; Vessby, B.;
Wahlund, L.O.; Palmblad, J. Omega-3 fatty acid treatment in 174 patients with mild to moderate Alzheimer disease: OmegAD
study: A randomized double-blind trial. Arch Neurol. 2006, 63, 1402–1408. [CrossRef] [PubMed]

136. Lukiw, W.J.; Cui, J.-G.; Marcheselli, V.L.; Bodker, M.; Botkjaer, A.; Gotlinger, K.; Serhan, C.N.; Bazan, N.G. A role for docosa-
hexaenoic acid-derived neuroprotectin D1 in neural cell survival and Alzheimer disease. J. Clin. Investig. 2005, 115, 2774–2783.
[CrossRef] [PubMed]

137. Lim, G.P.; Calon, F.; Morihara, T.; Yang, F.; Teter, B.; Ubeda, O.; Salem, N., Jr.; Frautschy, S.A.; Cole, G.M. A Diet Enriched with the
Omega-3 Fatty Acid Docosahexaenoic Acid Reduces Amyloid Burden in an Aged Alzheimer Mouse Model. J. Neurosci. 2005, 25,
3032–3040. [CrossRef]

138. Xu, Z.-J.; Li, Q.; Ding, L.; Shi, H.-H.; Xue, C.-H.; Mao, X.-Z.; Wang, Y.-M.; Zhang, T.-T. A comparative study of the effects of
phosphatidylserine rich in DHA and EPA on Aβ-induced Alzheimer’s disease using cell models. Food Funct. 2021, 12, 4411–4423.
[CrossRef]

139. Tassoni, D.; Kaur, G.; Weisinger, R.S.; Sinclair, A.J. The role of eicosanoids in the brain. Asia Pac. J. Clin. Nutr. 2008, 17, 220–228.
140. Zhang, T.-T.; Xu, J.; Wang, Y.-M.; Xue, C.-H. Health benefits of dietary marine DHA/EPA-enriched glycerophospholipids. Prog.

Lipid Res. 2019, 75, 100997. [CrossRef]
141. Bandarra, N.M.; Lopes, P.A.; Martins, S.V.; Ferreira, J.; Alfaia, C.M.; Rolo, E.A.; Correia, J.J.; Pinto, R.M.; Ramos-Bueno, R.P.;

Batista, I.; et al. Docosahexaenoic acid at the sn-2 position of structured triacylglycerols improved n-3 polyunsaturated fatty acid
assimilation in tissues of hamsters. Nutr. Res. 2016, 36, 452–463. [CrossRef] [PubMed]

142. Kim, H.-Y.; Huang, B.X.; Spector, A.A. Phosphatidylserine in the brain: Metabolism and function. Prog. Lipid Res. 2014, 56, 1–18.
[CrossRef] [PubMed]

143. Yabuuchi, H.; O’Brien, J.S. Positional distribution of fatty acids in glycerophosphatides of bovine gray matter. J. Lipid Res. 1968, 9,
65–67. [CrossRef]

144. Winther, B.; Hoem, N.; Berge, K.; Reubsaet, L. Elucidation of Phosphatidylcholine Composition in Krill Oil Extracted from
Euphausia superba. Lipids 2010, 46, 25–36. [CrossRef] [PubMed]

145. Okazaki, K.; Sato, N.; Tsuji, N.; Tsuzuki, M.; Nishida, I. The Significance of C16 Fatty Acids in the sn-2 Positions of Glycerolipids
in the Photosynthetic Growth of Synechocystis sp. PCC6803. Plant Physiol. 2006, 141, 546–556. [CrossRef]

146. Ratnayake, W.N.; Galli, C. Fat and Fatty Acid Terminology, Methods of Analysis and Fat Digestion and Metabolism: A Background
Review Paper. Ann. Nutr. Metab. 2009, 55, 8–43. [CrossRef]

147. Sugasini, D.; Yalagala, P.C.; Goggin, A.; Tai, L.M.; Subbaiah, P.V. Enrichment of brain docosahexaenoic acid (DHA) is highly
dependent upon the molecular carrier of dietary DHA: Lysophosphatidylcholine is more efficient than either phosphatidylcholine
or triacylglycerol. J. Nutr. Biochem. 2019, 74, 108231. [CrossRef]

http://doi.org/10.3390/ijms20174256
http://doi.org/10.1016/j.parkreldis.2013.09.023
http://www.ncbi.nlm.nih.gov/pubmed/24120951
http://doi.org/10.1016/j.biochi.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27496085
http://doi.org/10.1016/j.baga.2014.03.004
http://doi.org/10.1016/j.neuint.2017.03.014
http://doi.org/10.1080/1028415X.2017.1290928
http://www.ncbi.nlm.nih.gov/pubmed/28221817
http://doi.org/10.1016/j.jff.2018.04.017
http://doi.org/10.1016/j.plipres.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/19362576
http://doi.org/10.1002/ana.410420514
http://www.ncbi.nlm.nih.gov/pubmed/9392577
http://doi.org/10.1016/j.jalz.2014.11.009
http://doi.org/10.1001/archneur.60.7.940
http://www.ncbi.nlm.nih.gov/pubmed/12873849
http://doi.org/10.1001/archneur.63.10.1402
http://www.ncbi.nlm.nih.gov/pubmed/17030655
http://doi.org/10.1172/JCI25420
http://www.ncbi.nlm.nih.gov/pubmed/16151530
http://doi.org/10.1523/JNEUROSCI.4225-04.2005
http://doi.org/10.1039/D1FO00286D
http://doi.org/10.1016/j.plipres.2019.100997
http://doi.org/10.1016/j.nutres.2015.12.015
http://www.ncbi.nlm.nih.gov/pubmed/27101763
http://doi.org/10.1016/j.plipres.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24992464
http://doi.org/10.1016/S0022-2275(20)43144-X
http://doi.org/10.1007/s11745-010-3472-6
http://www.ncbi.nlm.nih.gov/pubmed/20848234
http://doi.org/10.1104/pp.105.075796
http://doi.org/10.1159/000228994
http://doi.org/10.1016/j.jnutbio.2019.108231


Int. J. Mol. Sci. 2022, 23, 3969 27 of 27

148. Polette, A.; Deshayes, C.; Chantegrel, B.; Croset, M.; Armstrong, J.M.; Lagarde, M. Synthesis of acetyl, docosahexaenoyl-
glycerophosphocholine and its characterization using nuclear magnetic resonance. Lipids 1999, 34, 1333–1337. [CrossRef]

149. Sovic, A.; Panzenboeck, U.; Wintersperger, A.; Kratzer, I.; Hammer, A.; Levak-Frank, S.; Frank, S.; Rader, D.J.; Malle, E.; Sattler, W.
Regulated expression of endothelial lipase by porcine brain capillary endothelial cells constituting the blood-brain barrier.
J. Neurochem. 2005, 94, 109–119. [CrossRef]

150. Bernhard, W.; Maas, C.; Shunova, A.; Mathes, M.; Böckmann, K.; Bleeker, C.; Vek, J.; Poets, C.F.; Schleicher, E.; Franz, A.R.
Transport of long-chain polyunsaturated fatty acids in preterm infant plasma is dominated by phosphatidylcholine. Eur. J. Nutr.
2017, 57, 2105–2112. [CrossRef]

151. Metherel, A.H.; Rezaei, K.; Lacombe, R.S.; Bazinet, R.P. Plasma unesterified eicosapentaenoic acid is converted to docosahexaenoic
acid (DHA) in the liver and supplies the brain with DHA in the presence or absence of dietary DHA. Biochim. Biophys. Acta
(BBA)-Mol. Cell Biol. Lipids 2021, 1866, 158942. [CrossRef] [PubMed]

152. Díaz, M.; Mesa-Herrera, F.; Marín, R. DHA and Its Elaborated Modulation of Antioxidant Defenses of the Brain: Implications in
Aging and AD Neurodegeneration. Antioxidants 2021, 10, 907. [CrossRef] [PubMed]

153. Lo Van, A.; Hachem, M.; Lagarde, M.; Bernoud-Hubac, N. Omega-3 Docosahexaenoic Acid Is a Mediator of Fate-Decision of
Adult Neural Stem Cells. Int. J. Mol. Sci. 2019, 20, 4240. [CrossRef] [PubMed]

154. Pencreac’h, G.; Ergan, F.; Poisson, L. Production of lysophospholipids rich in DHA. Lipid Technol. 2011, 23, 250–252. [CrossRef]

http://doi.org/10.1007/s11745-999-0486-1
http://doi.org/10.1111/j.1471-4159.2005.03175.x
http://doi.org/10.1007/s00394-017-1484-1
http://doi.org/10.1016/j.bbalip.2021.158942
http://www.ncbi.nlm.nih.gov/pubmed/33845223
http://doi.org/10.3390/antiox10060907
http://www.ncbi.nlm.nih.gov/pubmed/34205196
http://doi.org/10.3390/ijms20174240
http://www.ncbi.nlm.nih.gov/pubmed/31480215
http://doi.org/10.1002/lite.201100154

	Introduction 
	Glycerophospholipids 
	Biosynthesis of Glycerophospholipids 
	Remodeling of Gylcerophospholipids 
	De-Acylation/re-Acylation Pathways 
	Transacylation Pathways 
	Remodeling Activities in the Brain 


	Properties and Functions of Phospholipids and Lysophospholipids with Omega-3 PUFA in the Brain 
	Brain Phospholipids and Their Fatty Acid Composition 
	Cerebral Lysophospholipids with Omega-3 PUFA 
	Lysophosphatidylcholine 
	Lysophosphatidylethanolamine 
	Lysophosphatidylserine 
	Lysophosphatidic Acid 


	Docosahexaenoic Acid Esterified at sn-2 Position of Phospholipids and Lysophospholipids for Brain Benefits 
	Benefits of DHA in Healthy Conditions and Brain Disorders 
	Chemical, Biochemical, and Nutritional Properties of sn-2 Position 
	Cerebral Bioavailability of DHA 

	Discussions 
	Conclusions 
	References

