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a b s t r a c t

Ether-lipids (EL) are specific lipids bearing a characteristic sn-1 ether bond. Depending on the ether or
vinyl-ether nature of this bond, they are present as alkyl- or alkenyl-EL, respectively. Among EL, alkenyl-
EL, also referred as plasmalogens in the literature, attract most of the scientific interest as they are the
predominant EL species in eukaryotic cells, thus less is known about alkyl-EL. EL have been implicated in
various signaling pathways and alterations in their quantity are frequently observed in pathologies such
as neurodegenerative and cardiovascular diseases or cancer. However, it remains unknownwhether both
alkyl- and alkenyl-EL play the same roles in these processes. This review summarizes the roles and
mechanisms of action of EL in cellular signaling and tries to discriminate between alkyl- and alkenyl-EL.
We also focus on the involvement of EL-mediated alterations of cellular signaling in diseases and discuss
the potential interest for EL in therapy.

© 2023 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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binding protein
CD14 Cluster of differentiation 14
CD44 Cluster of differentiation 44
DAG Diacylglycerol
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EMT Epithelial-mesenchymal transition
ERK Extracellular signal-regulated kinase
FAR1 Fatty acid reductase 1
GNPAT Glycerone phosphate O-acyltransferase
GPCR G-protein coupled receptor
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LPA-R Lysophosphatidic acid receptor
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MAPK Mitogen-activated protein kinase
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MMP9 Matrix metalloproteinase 9
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1. Introduction

Compared to the usual endogenous glycerophospholipids
composed of two fatty acids esterified to the sn-1 and sn-2 posi-
tions of a glycerol backbone, ether-lipids (EL) bear a fatty alcohol
predominantly attached by an ether bond in their sn-1 position
(Fig. 1A) [1]. This change in their structure gives them unique
biophysical and biochemical properties, discussed in this review,
which are hypothesized to be implicated in various cellular pro-
cesses, although, to date, the extent of their role remains unclear
[1e4]. Among EL, two subgroups exist depending on the nature of
their sn-1 ether bond. Alkyl-EL (also called plasmanyl phospho-
lipids) have an ether-bond while alkenyl-EL (also called plasmenyl
phospholipids or plasmalogens) have a cis vinyl ether-bond. Their
complex biosynthesis requires numerous enzymes, which have
already been extensively reviewed [5]. Briefly, it starts in the
peroxisomewhere glycerone phosphate O-acyltransferase (GNPAT)
converts dihydroxyacetone phosphate (DHAP) to acyl-DHAP. The
characteristic sn-1 ether-bond is then introduced by alkylglycerone
phosphate synthase (AGPS) using acyl-DHAP and a fatty alcohol
produced by fatty acid reductase 1 (FAR1) [1,2], thus forming the
first ether-lipid precursor. After export to the endoplasmic reticu-
lum, a series of enzymatic reactions takes place, generating alkyl-EL
with various sn-2 and sn-3 groups such as alkyl-
phosphatidylcholine (PC), -phosphatidylethanolamine (PE),
-phosphatidic acid (PA) and their lyso-alkyl-EL counterparts with
truncated sn-2: LPC, LPE, LPA. Plasmanylethanolamine desaturase 1
(PEDS1), encoded by TMEM189, then forms alkenyl-PE by desatu-
ration of alkyl-PE, which can be remodelled into different alkenyl-
EL species by further enzymatic reactions. To circumvent these
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crucial enzymes, EL can also be supplemented either as alkyl-EL,
which are precursors for both alkyl- and alkenyl-EL, or directly as
alkenyl-EL (Fig. 1B) [6e8].

Owing to their characteristic ether-bond, EL catabolism also
requires specific enzymes. Alkylglycerol monooxygenase is
responsible for the degradation of alkyl-EL as it cleaves the ether
bond from alkyl-monoacylglycerol and alkyl-lysophospholipids
[9,10]. Alkenyl-EL degradation is ensured by enzymes with either
plasmalogenase or lysoplasmalogenase activity. Under specific
conditions, oxidative stress can activate the plasmalogenase activ-
ity of cytochrome c, enabling the degradation of alkenyl-PE [11].
Alkyl-EL can also be degraded by lysoplasmalogenases after prior
sn-2 deacylation, with TMEM86A and TMEM86B identified as
lysoplasmalogenases [12,13].

In humans, early studies have shown that in total from all tis-
sues, about 20% of phospholipids are alkenyl-EL [14]. EL distribu-
tion varies greatly across tissues with alkenyl-EL being the most
abundant EL subgroup. In the brain, heart and adipose tissue,
containing the most EL, they represent 20e27% of phospholipids
while alkyl-EL remain under 5%. Other tissues such as lung, kidneys,
muscle are described to containmild amount of EL while the liver is
particularly poor [14,15]. More recent studies using lipidomics
analysis, although not as complete as the early ones, seem to
confirm these results [16]. Alterations of EL quantities are
frequently observed in pathologies, such as neurodegenerative and
cardiovascular diseases or cancer [2,17], yet their role remains un-
clear and the possible differences between alkyl- and alkenyl-EL
have been understudied. There are many studies involving
alkenyl-EL as they are described to be important membrane con-
stituents and show protective properties against



Fig. 1. (A) Example structures of endogenous ester- and ether-glycerolipids. Ester-lipids posess two fatty acids linked by an ester bond to the sn-1 and sn-2 positions of a glycerol
backbone. Ether-lipids (EL) have at their sn-1 position a fatty alcohol attached by an ether bond. Depending on the nature of the ether bond, EL are either alkyl-EL (ether bond) or
alkenyl-EL (vinyl-ether bond). EL have a fatty acid at their sn-2 position. Ester-lipids and EL can exist as glycerophospholipids bearing a polar head (mainly phosphatidylcholine (PC),
phosphatidylethanolamine (PE) or phosphatidic acid (PA)), as neutral lipids bearing another fatty acid (triglycerides) or a hydrogen (diglycerides). (B) Schematic overview of the EL
biosynthesis. EL synthesis is initiated in the peroxisomes, dihydroxyacetone phosphate (DHAP) is acylated by glycerone phosphate O-acyltransferase (GNPAT) forming acyl-DHAP.
The fatty acid of acyl-DHAP is next replaced by a fatty alcohol produced by fatty acid reductase 1 (FAR1) forming alkyl-DHAP in a reaction catalyzed by alkylglycerone phosphate
synthase (AGPS). In the endoplasmic reticulum, alkyl-DHAP is catalyzed by several enzymes to form diverse alkyl-EL species. From alkyl-PE, plasmanylethanolamine desature 1
(PEDS1) forms alkenyl-PE and other enzymes enable the formation of other alkenyl-EL species. Alkyl- and alkenyl-EL can also be supplemented by treatment or diet (green dotted
arrows).
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neurodegeneration [3,18]. They have also been implicated in
various signaling pathways while less data are available on the role
of alkyl-EL. Oftentimes though, results on alkenyl-EL were obtained
by knocking down GNPAT, meaning that one could not exclude a
role of alkyl-EL. However, differentiating alkyl-from alkenyl-EL
presents some difficulties as alkyl-EL supplementation can result in
the production of alkenyl-EL [19]. In addition to that, since the
structural difference between alkyl- and alkenyl-EL only resides in
their ether/vinyl-ether bond nature, there has always been
analytical difficulties to discriminate both EL subgroups [1].
Different analytical techniques have been developed, however
none of them enable the quantification and complete identification
of both alkyl- and alkenyl-EL. Indeed, with gas chromatography, the
sn-1 group from alkyl-EL can be analysed as diacetates and the one
from alkenyl-EL as dimethyl acetals in two parallel analyses, how-
ever in both cases only the sn-1 ether-linked chain can be identified
while sn-2 and sn-3 information is lost [1,20,21]. We recently
developed a high performance thin layer chromatography method
to quantify alkyl- and alkenyl-EL from the same sample, however it
only indicates the total quantity of each subgroup without any
further identification information [22]. Recent advances in lip-
idomics by liquid chromatography-mass spectrometry benefited EL
studies although some challenges still remain, the trickiest part
being that mass spectrometry cannot identify the position of dou-
ble bond and thus cannot clearly differentiate an alkyl-EL with an
52
unsaturation from an alkenyl-EL, unless developing very specific
and thus rarely available methods [1,23,24]. All these issues to
correctly differentiate alkyl-from alkenyl-EL have led to general-
izations and possible misidentifications of EL subgroups.

In this review, we outline the known roles for EL in cellular
signaling and try to discriminate between alkyl- and alkenyl-EL.

2. Biological relevance of ether-lipids (EL)

2.1. Effects of EL deficiency

The biological relevance of EL can clearly be seen with the EL-
deficient rare peroxisomal disease Rhizomelic chondrodysplasia
punctata (RCDP) which originates frommutations in genes directly
coding for EL synthesis enzymes (GNPAT, AGPS, FAR1) or for per-
oxins 7 and 5L, needed for the peroxisomal import of AGPS [3,25].
Clinical features of severe RCDP include shortening of the proximal
bones, growth retardation, myelination deficit, cardiac defects and
cataracts as well as reduced life expectancy [3,25]. The severity of
the disease was shown to be linked to the residual activity of the
enzymes [26], displaying the important biological role of EL. To
study it further, EL-deficient mouse models have been generated. It
was observed that Gnpat knockout (KO), Pex7 KO and Agps KOmice
all display growth retardation, brain, ocular and skeletal abnor-
malities, infertility and reduced survival [27e31], mimicking
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human RCDP clinical features. In addition, Agps KO mice show
important embryonic lethality, making this model difficult to use
[31], although it appears to be the most appropriate to study EL
deficiency since AGPS is responsible for the introduction of the
ether bond and thus the formation of the first precursor to all EL. In
comparison, Tmem189 KO mice, impairing specifically the alkenyl-
EL synthesis also exhibit ocular and skeletal abnormalities and
growth retardation. No infertility, brain abnormalities or reduced
survival were described [32], suggesting an importance of both EL
subgroups as well as a potential differential role for alkyl- and
alkenyl-EL. It should however be noted that since PEDS1 has only
very recently been attributed to its coding gene TMEM189 [33e35],
few studies has focused on Tmem189 KO mice.

2.2. Animal models showing an implication of EL on cellular
signaling

Despite the apparent biological importance of EL, there has only
been a few studies focusing on cellular signaling using EL-deficient
animal models. In Gnpat KO mice, EL deficiency resulted in an
impaired protein kinase B (Akt) activation and downstream
signaling. The consequent lack of phosphorylation of glycogen
synthase kinase-3 b (GSK3b) led to its constitutive activity, inhib-
iting Schwann cell differentiation and axon myelination [36]. In
mice cortical tissues where sh-Gnpat were integrated, the reduced
phosphorylation of Akt was also described, as well as a reduced
phosphorylation of extracellular signal-regulated kinase (ERK) [37].
Similar results on Akt and ERKwere observed inmice that had their
hippocampus injected with sh-Gnpat, inhibiting the expression of
memory-related genes such as the brain-derived neurotrophic
factor (Bdnf), synapsin-1, and SYT-1. The reduced phosphorylation of
cyclic AMP (cAMP) response element-binding protein (CREB) was
also observed, leading to a downregulation of Bdnf gene [38].

Akt and ERK signaling pathways appear to be dysregulated in EL
deficient mouse models and this was also observed in mice models
treated or supplemented with EL. Alkenyl-EL diet resulted in an
increase of pAkt, pERK and pCREB in mice hippocampal tissue [38].
However since these studies have only focused on the nervous
system known to be rich in alkenyl-EL or used alkenyl-EL diet
[36e39], it is hard to apprehendwhether alkyl-EL are also involved.
Moreover, without knocking down the enzyme PEDS1 responsible
for the desaturation of the alkyl into an alkenyl group, forming
alkenyl-EL, the supplementation with alkyl-EL ultimately results in
a supplementationwith alkenyl-EL as well [3]. In addition, it should
be noted that even though the upregulation and downregulation of
these signaling pathways was observed upon EL deficiency and EL
enrichment, it is not a sufficient proof of a direct implication of EL in
these signaling pathways, as their effect could be indirect. More
mechanistic experiments are needed to determine precisely how
EL exert their functions.

3. Molecular targets of EL

3.1. Toll-like receptor 4 (TLR4)

In addition to Akt, in the brain cortex of alkenyl-EL-fed mice,
toll-like receptor 4 (TLR4) endocytosis was reduced [39], showing
another signaling pathway that could be affected by alkenyl-EL.
TLR4 endocytosis, involved in neuroinflammation, can trigger nu-
clear factor-kappa B (NF-kB) and p38 mitogen-activated protein
kinase (MAPK) signaling, either through the canonical MyD88
(myeloid differentiation primary response 88)-dependent pathway
or the independent one [18,40]. The effect of alkenyl-EL on these
signaling pathways was confirmed by in vitro experiments in sh-
GNPAT microglial cells that showed an increase of TLR4
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endocytosis induced by bacterial toxin lipopolysaccharide (LPS)
while alkenyl-EL treatment inhibited it, reducing the inflammation
signals. Alkenyl-EL were able to inhibit both the LPS-induced
MyD88-dependent and MyD88-independent pathways, resulting
in an inhibition of NF-kB and p38MAPK activities as well as sub-
sequent c-Fos/c-Jun transcriptional activity [39]. Interestingly, the
fatty acid composition of alkenyl-EL could be of importance, since
alkenyl-EL containing oleic acid did not inhibit inflammation [18]. It
was proposed that alkenyl-EL could represent ligands of proteins
CD14 or MD2, involved in the binding of LPS to TLR4, to block the
induction of TLR4 by LPS. They might also be ligands for G-protein
coupled receptor (GPCRs) or indirectly modulate GPCRs activation
(see 3.2) so as to either inhibit the recruitment of CD14 and MD2 to
TLR4 or inhibit endosomal recruitment of TLR4 [18,39]. Only
alkenyl-EL were tested and reported to interfere with TLR4 endo-
cytosis, probably by an indirect mechanism.

3.2. G-protein-coupled receptors (GPCRs)

Alkenyl-EL have already been proposed to mediate the activa-
tion of GPCRs, which could be involved in numerous signaling
pathways. Notably, knocking down orphan GPCRs GPR1, 19, 21, 27
or 61 prevented the alkenyl-EL-induced increase of pERK and pAkt
[41]. In neuronal cells, this activation of ERK and Akt was shown to
be important for survival. In addition, the alkenyl-EL-mediated
activation of GPR21 was shown to induce the activation of
Perforin-1 via STAT5, participating to the activation of NK cells.
Interestingly, the conservation of the extracellular glycosylation
site of GPR21 was necessary for alkenyl-EL-mediated NK cells
activation [42]. Additional studies are however needed to deter-
mine whether alkenyl-EL act directly as GPCRs ligands or indirectly,
for instance by modulating membrane dynamics (see 4.2). Note
that again only alkenyl-EL were tested on these orphan GPCRs.

Some notorious GPCRs are however receptors for alkyl-EL. For
instance, the alkyl-EL PAF (1-O-alkyl-2-acetyl-sn-glycero-3-
phosphocholine) has its own receptor, the PAF receptor (PAF-R)
which belongs to the family of GPCRs and is involved in inflam-
mation and numerous biological effects. PAF-R is coupled to Gaq
and Gai G-proteins. Gaq activates phospholipase C (PLC), convert-
ing phosphatidylinositol 4,5-bisphosphate to inositol triphosphate
(IP3) and diacylglycerol (DAG). IP3 transiently increases calcium
release from the endoplasmic reticulum to the cytosol, which can
trigger store-operated calcium entry while calcium favours protein
kinase C (PKC) activation by DAG [43]. Of note, ether-linked di-
glycerides also bind PKC, however, in contrast to ester-linked DAG
they reduce PKC activity and decrease PKC downstream signaling
[3]. Gai inhibits adenylate cyclase, reducing cAMP concentration
and the activation of cAMP-dependent kinases such as PKA [4].
PAF-R activation was also reported to activate ERK and p38MAPK
signaling pathways [44]. Alkyl-EL with similar structures such as 1-
O-alkyl-2-acetyl-sn-glycerol or 1-O-alkyl-2-acetyl-sn-glycero-3-
phosphate have also been reported to activate PAF-R, although it
could be indirectly considering that these molecular species
represent precursors for PAF [4]. Comparatively, the ester form of
PAF was reported to be a weaker activator of PAF-R compared to
PAF, although it was observed to exert opposite effects in inflam-
mation [45]. An antagonist role was also proposed for the alkenyl
form of PAF based on results obtained with synthetic compounds
[46], however more studies need to be done to confirm these dif-
ferential roles especially considering that there have not been any
recent report of a presence of an alkenyl form of PAF endogenously.
It seems however that even though PAF-R can be activated by other
ligands than PAF, PAF is the most potent one, thus eliciting the
strongest activation for the lowest concentration.

Another GPCR that can be the target of both alkyl- and alkenyl-
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EL is the LPA receptor (LPA-R) [3]. Signaling through LPA-R can
notably activate PI3K/Akt, ERK/MAPK, PLC/IP3/DAG signaling and
was reported to be involved in cell migration, survival, proliferation
and changes in the cytoskeleton [47]. Both alkyl- and alkenyl-LPA
were shown to be ligands for LPA-R, although they represent
weaker ligands than acyl-LPA [48]. In ovarian cancer cells, both
alkyl- and alkenyl-LPA were independently able to increase the
phosphorylation of ERK and PI3K/Akt, supposedly through LPA-R
signaling [3], showing that they detain a biological effect despite
they weaker affinity for LPA-R than acyl-LPA.

3.3. Peroxisome proliferator-activated receptor (PPAR)

EL are also known to be ligands for PPARs. Alkyl-EL with an
oxidized fatty acid in their sn-2 position were shown to be high
affinity ligands to PPARy, interacting with its ligand-bind pocket
[49]. In addition, the intact alkyl-EL PC(O-18:1/16:0) was found to
bind to and activate PPARy in adipocytes, although this activation
was observed with a concentration of alkyl-EL about 20 times more
important than the one reported for oxidized alkyl-EL [49,50].
Alkyl-LPA(O-18:1) was observed to be a partial agonist of PPARy
[51], however in this case as acyl-LPA were also shown to be PPARy
agonists [52], it seems arguable that alkyl-LPA have a specific role
through PPARy activation. Interestingly, alkyl-EL could not activate
PPARa [50], in contrast to alkenyl-derived halogenated fatty alde-
hydes [53,54]. There are however no mention of intact alkenyl-EL
activating any PPAR. PPARs are involved in many cellular pro-
cesses, they notably regulate glucose and lipid metabolism and
PPARy activation was reported to reduce inflammation and to be
protective against neurodegeneration [55]. Although direct acti-
vation of PPARs by some molecular species of EL was shown, more
studies are needed to confirmwhether EL-induced PPAR activation
plays a significant biological role.

4. Indirect effect of EL

4.1. EL as reservoirs of polyunsaturated fatty acids (PUFA)

EL are particularly enriched in polyunsaturated fatty acids
(PUFA), which can be liberated from the sn-2 position of EL, by the
action of phospholipases A2 [3]. These PUFA can act as second
messengers or form other signaling molecules, for instance arach-
idonic acid can activate PKC signaling or represent a ligand for
PPARs like other PUFAs and it can also form eicosanoids [3,56,57].
The importance of sn-2 PUFA from EL in cellular signaling still
needs to be properly assessed, as there is no proof that this PUFA
pool is any different from the one originating from their ester
counterpart. However, there could be a difference between alkyl-
and alkenyl-EL PUFA, as an alkenyl-EL-selective PLA2 exists [3],
suggesting that the PUFA pool from alkenyl-EL could be used spe-
cifically. To date, no PLA2 has been reported to be selective for alkyl-
EL.

4.2. EL-mediated modulation of membrane dynamics

One strong hypothesis for the mechanism of action of EL is that
they could also regulate signaling pathways through the modula-
tion of membrane dynamics, alkenyl-EL in particular are structural
components of cell membranes and EL variation among the tissues
[25] leads to a different dipolarmembrane potential as compared to
membranes containing ester lipids [58]. The absence of the
carbonyl from the sn-1 ester bond but also a reduction in hydrogen
bonding between the phospholipids may be responsible of these
dipolar potential changes [59]. Among other differences between
an ester-lipid and the corresponding EL, it is worth mentioning the
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difference in lipid packing. Experiments carried out on monolayers
revealed the larger area per lipid occupied by ester-lipid with PC
polar head compared with its alkyl or alkenyl analogues with
identical ester-linked sn-2 chain, demonstrating that having an
ether or a vinyl-ether bond can make the difference [60]. In addi-
tion, among EL, alkyl-EL were shown to occupy a larger area per
lipid than alkenyl-EL. The larger area occupied by ester-lipids
compared with EL, and by alkyl-EL compared with alkenyl-EL
could be the consequence of a better hydration of the ester bond
compared with the ether bond and/or a reorientation of the acyl
chain. This increased packing leads to a network of more ordered
acyl chains and consequently a more rigid bilayer [61]. Despite the
water effect on carbonyl, it is known that the interaction of different
ions at the level of the head group and up to the glycerol plays a
particular role in modifying the hydration. One should also
consider changes in area per molecule due to the interaction not
onlywithwater but alsowith ions such as Naþ or Kþ. Saunders et al.
concluded that an ether-linked lipid bilayer has lower affinity for
ions than the ester-linked analogue, with a distinct peak in solvent
density suggesting that the waters in EL are more strongly coor-
dinated to the lipid head groups [62].

The nanodomains, key in signalling processing and particularly
enriched in alkenyl-EL [63], suggest a specific importance of
alkenyl-EL homeostasis in membrane dynamics. The rigidity and
increased lateral packing together with the findings that EL are
located in membrane structures rich in sphingomyelin and
cholesterol infer that alkenyl-PEs may exert their physiological role
through changing the biophysical properties of lipid rafts. The fact
that cholesterol is able to increase the ordering of membranes
independently of the presence of ester-lipids or EL, demonstrates
that the interaction of cholesterol with the carbonyl group is not
essential for the condensing effect [60]. Alkenyl-EL, the predomi-
nant EL species, are indeed important membrane constituents,
playing a role in membrane fluidity and curvature [3,64]. It is hy-
pothesized that it could either impair or improve the recruitment of
different membrane-associated proteins, with the examples of EL
deficiency leading to impaired Akt recruitment and, supposedly,
facilitated PKC recruitment [3,65]. Alkenyl-EL diet was also found to
enhance the localisation of tropomyosin receptor kinase B (TrkB) in
the lipid rafts of mice hippocampus tissues, likely facilitating TrkB
signaling, while Gnpat knockdown reduced its localisation [38].

Among EL, alkenyl-EL were also showed to be particularly
important for processes involvingmembrane fusion [3]. PE alkenyl-
EL play a role in vesicle fission and fusion processes, as well as in the
formation of other curved architectures that facilitate the fusion of
membranes. This view is supported by experimental evidence of
the increased tendency of alkenyl-PE to form inverted hexagonal
phases at lower temperatures compared to their ester counterparts.
For instance, PE alkenyl-EL stabilize hexagonal non-lamellar phases
decreasing the phase transition temperatures around 38 �C
(lamellar to hexagonal), while choline based phospholipids prefer
the lamellar phase [66]. As a consequence, it can be speculated that
PE alkenyl-EL could induce the formation of non-bilayer in-
termediates and thus could be important for membrane remodel-
ling processes in cells.

While the biophysical properties of homogenous EL bilayers and
simple mixtures compared to their ester-lipid counterparts are
relatively well understood, how these properties are affecting
different membrane cellular processes in combination with other
lipids is far from understood. The changes in the proportions of EL
in a biological membrane are inevitably accompanied by changes in
the composition of the polar head groups and hydrophobic moi-
eties of the plasma membranes. Even though all the changes
attributed to the membrane physical properties due its altered EL
content may be only speculative, they can still open a fruitful way
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and contribute to the deciphering of the specific role of EL in
physiological and biochemical mechanisms.

4.3. EL and ion channel activity

Another indirect effect of EL on cellular signaling consists in
their regulation of ion channels activity, which could lead to al-
terations in cellular signaling. The effect of EL on ion channels and
its implication in diseases has already been described extensively
elsewhere [17]. To our knowledge, an effect on ion channel
expression was not established. Different mechanisms of action
could be involved, notably the modulation of membrane dynamics
or the binding of EL to specific GPCRs. Recently, alkenyl-PE were
proposed to increase TRPC4 activity leading to a transient increase
of calcium influx and phosphorylation of AMPK [67]. Alkyl-PE and
lyso-alkenyl-PE were tested and they did not elicit such effect,
meaning that both the vinyl-ether bond and the sn-2 group are
necessary for the regulation of TRPC4 activity. The absence of
activation by alkyl-PE underlines the essential role of the vinyl-
ether bond in such interaction but one cannot rule out the possi-
bility that the channel activity is also modulated by the membrane
microviscosity dictated by its lipid composition. In the same line
but for alkyl-EL, they also have been involved in the modulation of
ion channels activity, with the example of TREK-1 and TRAAK that
opened after application of PAF and lyso-alkyl-PC [68]. Since they
are stretch-sensitive channels, the effect of alkyl-EL was likely
through the modulation of membrane dynamics. In addition to the
modulation of their activity by EL, ion channels can be targets of
cellular signaling, considering that they can be phosphorylated by
kinases such as PKC and cAMP-dependent kinases, which affects
their gating and/or conducting properties [69]. This means that an
EL-mediated alteration of cellular signaling could affect some ion
channels activities, leading to further dysregulations of excitation-
responses coupling due to altered ion fluxes [17].

4.4. Antioxidant properties of alkenyl-EL and EL implication in
ferroptosis

A specificity of alkenyl-EL is their antioxidant properties, owing
to their chemical structure. Their sn-1 vinyl-ether bond is described
to be preferentially oxidized notably by reactive oxygen species,
thus protecting the other surrounding phospholipids from oxida-
tion [2,46]. This might confer to alkenyl-EL a specific role compared
to alkyl-EL. In addition, a role for EL in ferroptosis, an oxidative
stress-induced form of regulated cell death has recently emerged
[70,71]. It is triggered by an excess of lipid peroxidation which re-
sults in damages in the cell membrane [71]. With EL being rich in
PUFA, they are both susceptible to peroxidation and thus could
contribute to ferroptosis, but since alkenyl-EL are oxidative sinks, it
is hypothesized that they could protect against ferroptosis. In
accordance with this hypothesis, alkenyl-EL were indeed shown to
protect cells against the induction of ferroptosis [72]. However,
another study reported that both EL species promoted cell sus-
ceptibility to ferroptosis with no protective role for alkenyl-EL [73].
Further studies are thus needed, although the discordance in the
results is thought to be due to the cellular models used and their
inherent EL metabolism [70].

5. Role of EL-mediated signaling in disease ?

Interestingly, aside from RCDP, altered EL levels have been
observed in several disorders, such as peroxisomal, neurological,
cardiovascular and metabolic disorders or cancers [2,17]. It is un-
clear whether EL levels disruption is only a consequence of the
diseases without further implication or if they play a role in them.
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Considering that EL can mediate several signaling pathways, one
can question whether the alterations in EL levels participate to the
disease by affecting cell signaling.

5.1. EL and neurodegenerative diseases

Decreased levels of EL have been associated to Alzheimer's
disease (AD) and other neurodegenerative diseases, like Parkin-
son's disease (PD) and Huntington's in many studies [3]. More
specifically, oral supplementation with alkenyl-EL was shown to
improve cognitive functions of AD patients [18]. Loss of alkenyl-EL
is thought to aggravate neurodegenerative diseases through dys-
regulated alkenyl-EL-mediated signaling, notably via impaired Akt/
GSK3b signaling [3,36]. There is almost no data concerning the
concentration of alkyl-EL in these diseases and their involvement,
although one study showed a reduction of alkyl-EL in AD [74].
Based on the known roles of alkyl-EL on signaling, it has been hy-
pothesized that reduced levels of alkyl-EL could also contribute to
aggravating neurodegenerative diseases, for instance through
reduced PPARy activation [3]. In addition, considering the anti-
oxidative properties of plasmalogens, it has been proposed that
their diminution could lead to increased oxidative stress and thus
aggravate neurodegenerative diseases [75]. More studies are
needed to confirm these suppositions.

5.2. EL and cardiovascular diseases

EL quantities are altered in cardiovascular diseases such as
ischemia-reperfusion injury where there is a downregulation of
alkenyl-EL. This decrease could notable be caused by an enhanced
activity of the alkenyl-EL-specific PLA2, increasing the level of lyso-
plasmalogens which were shown to increase PKA activity [17].
Similarly, to neurodegenerative diseases, this reduction of alkenyl-
EL could moreover aggravate the disease due to increased oxidative
stress. Interestingly, an increase of PAF was also observed in
ischemia, which suggests that different classes of EL could have
different roles in ischemia [17].

5.3. EL and cancers

Dysregulation of cell signaling is typically known to drive the
progression of cancer, by promoting cell growth, proliferation and
survival as well as cell migration and invasion [76]. We focus here
on dysregulated pathways that are also reported to be EL-mediated.
These include notably PI3K/Akt, ERK/MAPK and NF-kB pathways,
which have been reported to be over-activated in various cancers.
In cancer cells, PI3K/Akt is known to promote cell survival and
proliferation, ERK/MAPK and NF-kB pathways are reported to
promote several cancer features such as migration, invasion,
adhesion, proliferation and survival [76]. EL quantities are also
disturbed in cancer, it is in fact one of the very rare disease inwhich
an increase in EL has been reported and associated with cancer
aggressiveness [2]. It is thus legitimate to investigate if there is a
contribution of the increased quantity of EL and the dysregulation
of these signaling pathways. Interestingly, targeting AGPS to reduce
EL was able to reduce pathogenicity in various cancer cell lines
[57,77,78]. In glioma and hepatic carcinoma EL reduction induced
by AGPS knockdown resulted in a reduction of cell adhesion and
invasion, and stopped cell cycle [77]. They observed a reduced ac-
tivity of the MAPK pathways, with a reduction of the epithelial-
mesenchymal transition (EMT) transcription factors Twist, AP-1
and Snail, as well as a reduction of their target genes such as
MMP2, MMP9, CD44 and E-cadherin. This effect is thought to occur
through LPA-R signaling, although signaling through prostaglandin
E2, reduced after AGPS knockdown, could also be involved.
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Similarly, in another study, AGPS knockdown effectively reduced
cell migration and invasion, and this effect was reversed by treat-
ment with ether-LPA as well as with PGE2. Noteworthily, acyl-LPA,
also lowered by AGPS knockdown, was able to rescue cell migration
[57]. This similar effect of alkyl- and acyl-LPA was also observed in
sh-AGPS glioma and hepatic carcinoma cell lines, where both lipid
species activated PI3K/Akt pathways, supposedly through LPA-R
signaling [79]. These results could suggest a non-specific role of
ether-LPA-induced LPA-R signaling. However, it is also proposed
that increasing either acyl- or alkyl-LPA would ultimately rescue
LPA-R signaling considering that both lipid species are reduced
upon AGPS knockdown [57], thus not excluding a specific role for
alkyl-LPA in addition to the role of acyl-LPA. Using an inhibitor of
AGPS in breast and prostate cancer cells reduced cell proliferation,
migration and impaired EMT through the reduction of Snail tran-
scription factor [78]. Both alkyl- and alkenyl-LPA treatments pro-
moted proliferation and cell invasion through the increased activity
of ERK/MAPK and Akt pathways in ovarian cancer cells [3],
implying in this case a specific role for ether-LPA. Interestingly, EL
that compose the membrane promote the production and release
of exosomes in cancer cells [80]. The differential role of alkyl- and
alkenyl-EL was not investigated. Exosome, a subset of extracellular
vesicles, function as a node of intercellular communication and
molecular transfer and cancer cells secrete more exosomes than
healthy cells withmore microRNAs than healthy cells. This suggests
that one mode of action of EL may be the regulation of protein
expression. In addition, the ROS scavenger properties of alkenyl-EL
could protect cancer cells against oxidative stress [81].

From these results, it appears that the increased levels of EL in
cancer cells could possibly contribute to the pathogenicity through
increasing the activity of diverse cellular signaling pathways. Both
alkyl- and alkenyl-EL could be at play, to date there are unfortu-
nately not enough data to confirm their involvement and to
differentiate their roles.

6. EL and therapeutic strategies

Because of their implication in cellular processes and diseases
and as they are natural product found to enriched in marine and
land animals’ meat [82], EL represent interesting therapeutic
agents. Indeed, EL have been implicated in promoting autophagy.
Mixes of purified alkyl-PC and alkenyl-PE were both shown to
enhance autophagy, through the concomitant activation of the
AMPK-ULK1 pathway and inhibition of the mTOR-ULK1 pathway
[83]. Interestingly, in this study, the mix of alkenyl-PE was more
effective than the one of alkyl-PC, which can suggest that the vinyl-
ether bond of alkenyl-EL is more efficient to enhance autophagy
than the simple ether bond. However, since alkenyl-PE were
compared to alkyl-PC and since the sn-2 chains were also different,
the polar heads and sn-2 groups could also explain the difference of
effect. Since a dysregulation of autophagy has been linked notably
to neurodegenerative diseases, carcinogenesis, liver and heart dis-
eases, EL appear to have a potential therapeutic interest as auto-
phagy-enhancers.

EL could also represent promoters of ferroptosis susceptibility.
Since ferroptosis is involved notably in neurodegenerative diseases,
ischemia/reperfusion injury and cancer [71], it appears as a
promising therapeutic target and modulating it with natural EL
supplementation could be interesting. First results have suggested
a beneficial effect of promoting ferroptosis in cancer therapy, either
alone or cumulated with chemotherapy [71].

Finally, since a deficiency in EL is observed in several diseases
and thought notably to alter cellular signaling, it is expected that
restoring EL levels could reverse the deleterious effects observed.
This is the goal of alkenyl-EL replacement therapy (called
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plasmalogen replacement therapy, PRT), currently under study. In a
clinical trial, PRT was able to increase alkenyl-EL quantities and to
improve cognitive functions of patients with AD and PD. These
promising results obtained so far are well documented elsewhere
[8].

7. Conclusion and perspectives

EL have been reported to be involved in the regulation of various
signaling pathways, summarised in Fig. 2. This regulation could
occur notably through different receptors such as TLR4, GPCRs,
PPARs (Fig. 2A, B and G) and ion channels (Fig. 2C), either directly as
their ligands or indirectly through the regulation of other targets,
the formation of signaling molecules or the modulation of mem-
brane dynamics and anti-oxidative potential (Fig. 2D, E and F). To
date however, no study has really focused on determining whether
alkyl-EL and alkenyl-EL play the same or different role. Studies on
central nervous system tissues target mainly alkenyl-EL as they are
the predominant EL species in these tissues, so alkyl-EL are only
seen as precursors for alkenyl-EL. Generally, studies using alkyl-EL
involve almost exclusively alkyl-glycerols, the non-polar form of EL,
used as precursors for PAF or alkenyl-EL. From these studies, it can
look like alkyl-EL are only a means to an end and not an interesting
bioactive lipid class. Considering that alkyl- and alkenyl-EL differ
structurally only by their ether bond type and that they share
similar properties and targets, on can wonder why studying alkyl-
EL (as a final EL species and not a precursor for alkenyl-EL) and their
difference from alkenyl-EL does not gather more scientific interest.
They are assuredly less abundant in tissues than alkenyl-EL, yet
metabolically speaking their ether bond is more stable than an
ester one and chemically speaking it is more stable than the vinyl-
ether one. As the antioxidant role of alkenyl-EL alone cannot
possibly explain all the effects of alkenyl-EL, it seems curious that
this only difference in their properties would justify the lack of
interest in alkyl-EL compared to alkenyl-EL.

One can then wonder whether it is actually technically possible
to test out the differences between alkyl- and alkenyl-EL. When
performing supplementation in vivo or in vitro, alkyl-EL are
described to be ultimately metabolized into alkenyl-EL. The only
way to avoid this transformation would be to knock down the
enzyme PEDS, responsible for the formation of the characteristic
vinyl-ether bond of alkenyl-EL. PEDS1, encoded by TMEM189 has
only been assigned recently so hopefully more studies using this
genetic tool will emerge in the next years. However, independently
from its role in alkenyl-EL synthesis, PEDS1 has been shown to
regulate negatively autophagy by interacting with ULK1 [84].
PEDS1 knockdown results in an increased cell autophagy, resulting
in a possible bias when implementing it to reduce alkenyl-EL levels.
Moreover, as there are some interconnections between EL meta-
bolism and other lipids, as well as possible compensations,
knocking down PEDS also results in alterations among other lipid
classes. One notable example is the fact that cholesterol synthesis
was shown to be impacted by alkenyl-EL homeostasis [85]. Finally,
as alkenyl-EL are supposed to be structurally important due to their
non-negligible quantity in cell membranes, it seems likely that
reducing their quantity would affect cell membrane dynamics and
cell signaling indirectly.

One interesting in vitro model is the RAW.12 mutant strain,
derived from the RAW264.7 murine macrophage-like cell line. This
strain, deficient in both DHAPAT and PEDS1, was reported to show a
90%-decrease in alkenyl-EL and, presumably, also in alkyl-EL. Alkyl-
EL supplementation of this cell line bypasses GNPAT and restores
alkyl-EL without increasing alkenyl-EL, while supplementation
with alkenyl-EL directly bypasses PEDS1 and restores only alkenyl-
EL, which should enable the study of their differential effects



Fig. 2. Summary of alkyl- and alkenyl-EL roles in cellular signaling pathways. Alkyl-EL are displayed in orange and alkenyl-EL in blue. Dotted arrows represent indirect mechanisms.
(A) Alkenyl-EL promote LPS-mediated TLR4 endocytosis, downregulating NF-kB and MAPK signaling pathways. (B) Alkyl- and alkenyl-EL are ligands of GPCRs, which can activate
various signaling pathways (Akt, MAPK, PLC/IP3/DAG). (C) EL can indirectly regulate ion channels' activities. (D) Alkenyl-EL can modulate the biophysical properties of membrane,
they are notably important constituents of lipid rafts, nanodomains representing platforms for cellular signaling. (E) Alkenyl-EL have antioxidant properties. (F) EL can serve as
reservoirs of second messengers, notably PLA2 can liberate their sn-2 PUFA, which for example acts as ligands for PPARs. (G) Some alkyl-EL are ligands of PPARg.
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[86,87]. To date, no such study design has been implemented to
study the differential role of alkyl- and alkenyl-EL on cell signaling.

In short, EL and their role on cellular signaling still remains for
now mysterious as there are still many questions to be asked, with
one of them being: do alkyl- and alkenyl-EL play differential role?
We believe that in order to clearly identify the biological role of
alkyl- and alkenyl-EL, suppression of the expression of key alkyl/
alkenyl-EL synthesis enzymes or alkyl/alkenyl-EL supplementa-
tions are not sufficient and a combination of both approaches is
required.

If a differential role of alkyl and alkenyl lipids in various pa-
thologies is demonstrated, it could be proposed that some of these
lipids become biomarkers of these pathologies and modifiable
through nutritional approaches (having properly quantified the
quantity of alkyl- and alkenyl-EL).
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Cartereau, A. Chantôme, C. Vandier, Roles of endogenous ether lipids and
associated PUFAs in the regulation of ion channels and their relevance for
disease, JLR (J. Lipid Res.) 61 (2020) 840e858, https://doi.org/10.1194/
jlr.RA120000634.

[18] M.S. Hossain, S. Mawatari, T. Fujino, Biological functions of plasmalogens, in:
G. Lizard (Ed.), Peroxisome Biology: Experimental Models, Peroxisomal Dis-
orders and Neurological Diseases, Springer International Publishing, Cham,
2020, pp. 171e193, https://doi.org/10.1007/978-3-030-60204-8_13.

[19] F. Dorninger, A. Brodde, N.E. Braverman, A.B. Moser, W.W. Just, S. Forss-Petter,
B. Brügger, J. Berger, Homeostasis of phospholipids d the level of phospha-
tidylethanolamine tightly adapts to changes in ethanolamine plasmalogens,
Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1851 (2015) 117e128, https://
doi.org/10.1016/j.bbalip.2014.11.005.

[20] M. Pinault, C. Guimaraes, H. Couthon, J. Thibonnet, D. Fontaine, A. Chantôme,
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