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Neurodegenerative diseases (NDs) are a diverse group of neuropathological diseases that are
currently incurable due to the irreversible neuronal loss. At the present rate of the world
population growth, it is projected that the number of ND cases will double by the year of 2050.
With treatments only available for symptom management and relief, disease prevention may
yield significant benefits. Recently, there had been association drawn between the disruption
of phospholipid (PL) homeostasis and the progression of NDs. Pathological developments
were observed in cellular processes including autophagy, maintenance of mitochondrial
integrity, and management of tissue oxidative stress. As PLs actively participate in the
regulation of these cellular pathways and in neuronal signal transduction for the maintenance
of an optimally functioning nervous system, their homeostasis is tightly controlled via an
intricate system of interconversion and metabolism. Therefore, in this review, the
contribution of a homeostatic PL pool and the detrimental effects by the lack thereof, are
discussed in detail as it relates to ND development.
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1. Introduction

The plasma membranes (PMs) are permeable barriers comprised of phospholipids (PLs), that
separates the extracellular and intracellular compartments [1]. The major membrane PLs are
phosphatidylcholine (PC) and phosphatidylethanolamine (PE), followed by phosphatidylserine (PS)
and phosphatidylinositol (PI) [1]. As PLs make up ~75% of total lipid content, they play a central role
in maintaining membrane structural integrity and function [2]. PLs are regulators of membrane
fission and fusion events, cell division, apoptosis, phagocytosis, and many other critical functions [2,
3]. The essentiality of membrane PL is evident in the animal models where embryonic lethality was
observed consequential to the PL gene deletions and mutations. For example, complete disruptions
of PE synthesis pathways are embryonically lethal in mice [4, 5]. In humans, PE plasmalogen
deficiency as a result of insufficient synthesis is a hallmark of peroxisomal disorders such as the
Zellweger syndrome [6]. Recently reported are the involvements of PLs in ilinesses in the central
nervous system (CNS), including the disruption of choline transport via choline transporter-like
protein 1 (CTL1) causing a novel childhood-onset neurodegenerative disease (ND) [7], and a
disrupted PE biosynthesis pathway in PCYT2 and SELENO1 (EPT) mutant carriers causing hereditary
spastic paraplegia [8, 9]. Additionally, recently reviewed by Rickman et al. are the functional lipid
metabolic pathways in motor neuron diseases (MNDs) [10]. Cunnane et al. further discussed the
current state of the art therapeutic strategies in treating NDs by targeting brain bioenergetics rescue,
specifically in glucose, ketone, and TG metabolisms with affected cellular processes including
mitochondrial respiration and health, insulin sensitivity, and hormonal balance. It was shown that
the brain energy gap between sufficient ATP synthesis and cellular requirement is correlated with
the development of ND and regulated by the neuroendocrine system [11]. This relationship
between the brain energetics and NDs solidifies the notion that brain health is closely related to
whole body metabolism.

NDs are a diverse group of neuropathological diseases that are currently incurable due to the
irreversible neuronal loss [12] Development of neurodegenerative diseases are characterized by cell
death and had often been associated with dysregulation of metabolism, mitochondrial dysfunction,
accumulation of protein aggregates, and neuroinflammation, especially in the case of pathological
protein aggregates: Parkinson’s disease is associated with a-synuclein aggregates [13], Alzheimer’s
disease with extracellular amyloid-B plagues and cytosolic tau tangles [14], and Huntington’s
disease with hungtintin aggregates [15]. Although therapies are available for symptom
management and relief the incurable state of these diseases warrants development of new
treatments targeting the diseases on a molecular level, to prevent and potentially reverse the
neuronal damages.

Recently, the association between membrane phospholipids and neurodegeneration had been
implicated. As neurodegeneration is age-related, prevention is arguably one of the most important
aspects in targeting these diseases as a public health issue [16]. As related to aging, the CNS
experience deterioration in both functions and morphology [12] It had been projected that at the
current rate of growth, the neuronal diseases will double by the year of 2050, with Lewy bodies
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dementia (LBD) being the most prevalent [17], therefore with rapid growth of the population
affected by neurodegeneration, prevention for such diseases may yield significant benefits.

In this review, the major classes of phospholipids in the central nervous system (CNS) and the
regulation of their homeostasis will be discussed, followed by the pathological development of
neurodegeneration as attributed to the dysregulation of phospholipid homeostasis. Lastly, available
therapies to treat lipid metabolic dysregulation are summarized to provide a comprehensive
outlook of the current state of knowledge in neuronal PLs (Figure 1).
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Figure 1 An illustration of pathological developments in cellular processes in
Neurodegeneration, and the main phospholipids involved (Image generated with
BioRender).

2. Classes of Major Membrane Phospholipids

Phospholipids are a broad family of amphipathic molecules composed of a glycerol backbone, a
polar headgroup bound through a phosphate group at the sn-3 position, and two fatty acid ester
bonds at the sn-1 and sn-2 positions [18, 19]. The inclusion of both the hydrophilic and hydrophobic

Page 3/36



OBM Geriatrics 2021; 5(3), doi:10.21926/obm.geriatr.2103176

ends allows PLs to spontaneously form bilayer structures, with the hydrophobic fatty acids crowding
the centre of the bilayer and the polar headgroups defining the general membrane architecture [1,
20]. PC and PE are the principal bilayer-forming phospholipids. PC contains a choline headgroup, a
guaternary ammonium cation and PC typically localizes in the outside layer of the membrane. On
the other hand, the ethanolamine headgroup on PE is smaller and gives the PE molecule a conical
shape, as the fatty acid tails spread out wider with less force exerted from the headgroup [18]. As a
result, PE is typically located in the inner membrane, and it maintains the concave curvature of the
membrane. PE shares the inner membrane layer mainly with PS, with the only exception being in
the mitochondria where cardiolipin (CL) is the second major PL [2, 21, 22]. Because of its serine
headgroup, PS carries a negative charge and contribute in the formation and maintenance of the
membrane electrochemical gradient [21].

2.1 Phosphatidylcholine Biosynthesis

PC biosynthesis predominantly occurs via the CDP-choline arm of the Kennedy pathway, by the
liver PE methylation pathway (PEMT), and by PC remodeling by the Lands cycle [18, 23]. The CDP-
choline pathway shares the enzymes and substrates with to the CDP-ethanolamine arm od the
Kennedy pathway for PE synthesis (Figure 2), which are the only de novo biosynthesis pathways for
PC and PE [24, 25]. The CDP-Cho Kennedy pathway utilizes exogenous choline and DAG. Choline is
quickly phosphorylated by choline kinase (CK), forming phosphocholine. Then, through the action
of CDP-choline cytidylyltransferase (CT/Pcyt1) using CTP as a substrate, phosphocholine is
converted to CDP-choline, a high-energy intermediate. The CT/Pcyt1 step is the rate-limiting step in
de novo PC synthesis. Lastly, the phosphocholine headgroup is transferred onto diacyglyerol (DAG)
by CDP-choline:1,2-diacylglycerol choline phosphotransferase (CEPT) to form the final PC product
[24]. The Kennedy pathways specificity is determined by the regulatory enzymes, CT/Pcytl and
EC/Pcyt2 that exhibit strong substrate specificity [26].
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Figure 2 Biosynthesis pathways for the major phospholipids. PE and PC can be
synthesized de novo via the CDP-choline/ethanolamine (Kennedy pathway) using
exogenous choline and ethanolamine. Interconversion occurs between synthesized PLs
between the ER, the MAM, and the mitochondrial inner and outer membranes. Etn
ethanolamine, Cho choline, EK ethanolamine kinase, CK choline kinase, Pcyt2 CDP-
ethanolamine cytidylyltransferase, Pcytl CDP-choline cytidylyltransferase, P-Etn
phosphoethanolamine, P-Cho phosphocholine, EPT DAG:CDP-Etn phosphotransferase,
CEPT CDP-choline:1,2-diacylglycerol choline phosphotransferase, PEMT
Phosphatidylethanolamine N-methyltransferase, G3P_glycerol-3-phosphate, GPAT G3P
acyltransferase, PSS1 CDP-diacylglycerol--serine O-phosphatidyltransferase 1, CDP-
diacylglycerol--serine  O-phosphatidyltransferase 2, PSD  phosphatidylserine
decarboxylase, PC phosphatidylcholine, PE phosphatidylethanolamine, PA phosphatidic
acid, Pl phosphatidylinositol, PS phosphatidylserine, CL cardiolipin. Image generated
with BioRender.

The regulation of the CDP-Cho Kennedy pathway is predominantly at the level of CT/Pcyt1 but
substrate availability could contribute [27]. There are two isoforms of Pcytl, a and B, and they are
encoded by separate genes. Pcytla had been extensively investigated and most recently reviewed
[28]. Interestingly, Pcyt1pB is abundantly expressed in neuronal cells, specifically in the distal axons
of primary neurons [24, 29]. However, both Pcytla and B isoforms have been demonstrated to have
increased expression upon neuronal cell differentiation [30]. This close association between
neuronal cell differentiation and PC synthesis is further extended to CEPT activity, where nerve
growth factor (NGF) induced PC synthesis via activation of the CEPT protein [31]. Collectively, these
results indicate a significant role PC plays in neuronal cell proliferation.
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Another pathway for PC synthesis is the liver specific PEMT pathway. This pathway accounts for
30% of hepatic PC production and is the main source of choline when demands for choline are high
such as during the pregnancy and lactation [25, 32]. A total of three methylation reactions with the
methyl group donor S adenosylmethionine (SAM) are involved in the conversion of PE to PC [33].
Lastly, PC can also be produced via the Lands cycle, where the sn-2 fatty acid can be inserted onto
the glycerol backbone of a lyso-PC molecule by lysophosphatidylcholine acyltransferases (LPCATs)
activities. There are currently four identified LPCATs, and their activities in using fatty acids as a
substrate can modulate TAG storage in a different manner than by the Kennedy pathway [23].

2.2 Phosphatidylethanolamine Biosynthesis

There are three pathways for the biosynthesis of PE in mammalian cells. The predominant
pathway is the CDP-ethanolamine pathway (Kennedy) pathway, to produce PE from ethanolamine
and DAG (Figure 2). The second pathway is the PS-decarboxylation (PSD) pathway, which specifically
occurs in the mitochondria. The third pathway is the FA remodeling Lands pathway [34]. Recent
studies had shed light on the significance of a PE synthesis in mice and humans. A complete
knockout of murine Pcyt2 is embryonically lethal [4]. Disruption of the PSD pathway in Pisd knockout
mice is also embryonically lethal [5], demonstrating that both the microsomal Kennedy pathway
and the PSD mitochondrial pathway produce different, yet developmentally essential pools of PE.
Furthermore, mutations in Pisd had been linked to diseases including the multi-organ disease of
Liberfarb syndrome, a spondyloepi-metaphyseal dysplasia with mitochondrial damage, and
cataracts, skeletal dysplasia, and white matter alterations [35]. These results further indicate the
essential role PSD plays in maintaining the mitochondrial PE pool. Finally, similar to PC, PE
membrane diversity is further achieved via the Lands cycle where the PLs are modified through
deacylation and reacylation reactions [33]. Additional to the LPCATs, two mammalian
lysophosphatidylethanolamine acyltransferases (LPEATs) had also been identified. Specifically,
LPEAT1 is preferentially active towards 18:1-CoA, whereas LPEAT2 prefers 18:1-CoA or 20:4-CoA.
LPCAT3 and LPCAT4 also have LPEAT activity and with a preference for polyunsaturated CoA [36].

2.2.1 The CDP-Ethanolamine Pathway

The CDP-ethanolamine arm of the Kennedy pathway (Figure 2) is the only de novo synthesis
pathway for PE. Through a series of three reactions, this pathway incorporates the exogenous
ethanolamine into a DAG backbone. In the first step, ethanolamine (Etn) is phosphorylated by
ethanolamine kinase, through which phosphoethanolamine (PEtn) is formed. CDP-ethanolamine
cytidylyltransferase (ET/Pcyt2) then catalyzes the rate-limiting reaction in which PEtn is converted
into CDP ethanolamine (CDP-Etn). Lastly, DAG:CDP-Etn phosphotransferase (EPT/SELENO1)
condenses PEtn and DAG, producing the final PE product [33]. The importance of the CDP-Etn
pathway and the key enzyme (ET/Pcyt2) in general lipid metabolism was established in the Pcyt27*
heterozygous mice (ETKO) when we showed that those mice develop a surprising phenotype similar
to human metabolic syndrome, including hypertriglyceridemia, liver steatosis, insulin resistance and
obesity [4]. In addition to the metabolic syndrome, the Pcyt2 deficiency caused a sexual dimorphism
with male but not female ETKO developing hypertension and cardiac hypertrophy [37]. Excess toxic
DAG unused in the CDP-ethanolamine pathway requires an increased formation of fatty acids by
lipogenesis to produce neutral triglyceride, but consequently developing into metabolic syndrome
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in older ETKO [38]. A similar triglyceride (fat) accumulation was subsequently shown in the liver
specific Pcyt2 knockout mice confirming the DAG hypothesis [39]. Muscle-specific Pcyt2 knockout
mice however had elevated DAG content but did not develop insulin resistance [40], which was
opposite from ETKO, indicating a multiple organ requirement for development of metabolic disease,
as well as a specific role for ET/CDP-ethanolamine pathway in the skeletal muscle.

We functionally characterized three ET/Pcyt2 protein isoforms: Pcyt2a, -B, and -y. They are
products of different splicing mechanisms of a single Pcyt2 gene [41]. The Pcyt2a is the longest form
and Pcyt2p is produced by an evolutionary conserved “exon-skipping” mechanism of exon 7. Pcyt2f3
is missing the central 18-amino acid linker region, causing the two isoforms to differ in the enzyme
activity and regulation by phosphorylation. Pcyt2y is a product of an “intron-retention” splicing
mechanism as a result of an alternative usage of 5' donor and 3' acceptor sites [42, 43]. Pcyt2y
contains the central linker region as Pcyt2a but lacks the second cytidylyltransferase domain at the
C-terminus, rendering it enzymatically inactive [42]. Pcyt2a and Pcyt2p are catalytically active as
homo- and heterodimers [43]. Pcyt2y can dimerize and inhibit Pcyt2a/B activity, demonstrating its
role as a natural suppressor of the Kennedy pathway. A further mutation analysis showed that the
highly conserved CTP binding HXGH motifs in the N- and C- Pcyt2 catalytic domains are required for
the full enzymatic activity [42]. Indeed, a recently reported human mutation in the C-terminal HXGH
completely disrupts Pcyt2 activity and the CDP-Etn Kennedy pathway, resulting in complex
hereditary spastic paraplegia [9].

2.2.2 The PS-Decarboxylation Pathway

Mitochondrial PE is produced via PS decarboxylation by PS decarboxylase (PSD/Pisd) at the inner
mitochondrial membranes (IMM) [3, 44]. PSD pathway produces different PE species from the
Kennedy pathway, including significantly more PUFA-containing PE [45]. PE produced by PSD
pathway is mostly retained in the mitochondria, yet some PE could be transported to the ER. The
transport specificity is associated with the side-chain saturation status of the PE: specifically, 32:2,
34:2 and 38:6 PE species are preferentially exported from the IMM while 38:4 is largely retained in
the mitochondria [45]. The PSD protein is a product of a single gene Pisd; the protein precursor
peptide encoded by Pisd is cleaved into separate a and B subunits which then form active PSD
heterodimers [46]. Whereas the mammalian PSD resides strictly at the IMM, yeast PSD1p exhibits
both mitochondrial and ER localization that produce different PE pools from the de novo Kennedy
pathway [47]. According to Human Protein Atlas human PSD strictly reside in the mitochondria but
mammalian PSD needs further studies for full characterization.

2.3 Phosphatidylserine Biosynthesis

In mammalian cells, PS cannot be produced via de novo synthesis and is exclusively produced
from pre-existing PLs: PC and PE. PS synthase 1 (PSS1/Ptdss1) and PS synthase 2 (PSS2/Ptdss2)
perform Ca?*dependent headgroup-exchange reactions to convert PC and PE into PS, respectively
[34, 48, 49]. The two enzymes reside in the ER membranes but most abundantly in the ER-MAM
where PS synthesis and many other important lipid related processes occur [50]. PSS1 and PSS2
exhibit low similarity and although ubiquitously present, their expressions pattern implicates some
tissue specificity [49]. PSS2 is the most abundant in the testes while PSS1 is more expressed in the
kidney, brain, and liver [48, 51]. PSS1 is limiting for the overall PS synthesis, as demonstrated by
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overexpression of PSS1 but not PSS2 in cell culture models [49, 52]. Compared to PSS1, PSS2
produces more PUFA-containing PS and is under stronger ‘end-product’ inhibitory regulation [53].
PS binds PSS1 at Arg-95 and PSS2 at Arg-97 and mutations into either of these sites inhibits the
enzyme activity [54, 55]. Moreover, the gain of function mutation in the PS-binding region of PSS1
causes the Lenz-Majewski syndrome (LMS). The most prominent symptoms in patients with LMS
are hyperostosis, intellectual impairment, and dwarfism. As the authors noted, no known
association had been previously reported between PS and skeletal dysplasia; it was hypothesized
the resultant outcome could be attributed to PS’s ability in binding calcium, thus the lack thereof
may disrupt bone calcification [56].

2.4 Phosphatidic Acid, Cardiolipin and Phosphatidylinositol Biosynthesis

PA is a minor PL group that is centrally situated in the synthesis of major PLs. PA is converted to
CDP-DAG by the CDP-DAG synthase for the syntheses of CL and PI, or it may be converted to DAG
by PA phosphatases for the syntheses of PC and PE [25]. Therefore, PA metabolism is tightly
regulated via multiple mechanisms including protein phosphorylation, membrane association, and
other components of lipid metabolism such as the end-product availability [25, 57].

PA synthesis begins with the conversion of glycerol-3-phosphate (G3P) to 1-acyl-sn-glycerol-3-
phosphate via acylation by G3P acyltransferase (GPAT). Then, the second acylation catalyzed by 1-
acyl-sn-glycerol-3-phosphate acyltransferase, which produces PA [22]. At least four mammalian
GPAT isoforms had been identified that are products of different genes; GPAT1 and GPAT2 are
predominantly expressed in the mitochondria, whereas GPAT3 and GPAT4 are ER-bound [22]. PA
can be resynthesized from PC and PE by the action of phospholipses, particularly phospholipase D
[25]. GPATSs exhibit some substrate preference, with GPAT1 having a higher preference for saturated
FAs. GPAT4 increased PE and Pl synthesis, while altering the PC level as well. Moreover, GPAT
isoforms also catalyze TAG synthesis [58]. These four, and potentially more, GPAT isoforms function
in an intricate system to balance PA/DAG distribution between PL and TAG and therefore between
membrane function and lipid storage.

The main mitochondrial PLs cardiolipin (CL) is synthesized from PA as a precursor. In CL synthesis,
PA is converted with CTP to the high energy intermediate, CDP-DAG, in the rate limiting step,
catalyzed by cytidinediphosphate-1,2-diacyl-sn-glycerol (CDP- DAG) synthetase (CDS) [22]. In the
mammalian genome, three proteins can function as CDS; namely, they are CDS1, CDS2, and TAMMA4.
CDS1 and CDS2 both reside are the ER membrane while TAMMA41 is bound to the IMM [59]. The
CDP-DAG formation is slow and requires the translocation of PA from the outer layer of the OMM
into the IMM where the condensation reaction occurs [22]. First, phosphatidyl group is transferred
from CDP-DAG to G3P as catalyzed by PGP synthase (Pgs1), forming phosphatidyl-glycerophosphate
(PGP). Subsequently, phosphatidylglycerol (PG) is produced via tyrosine phosphatase
mitochondrion 1 (PTPMT1) catalysed hydrolysis of PGP, and the last step of CL synthesis involves
the transfer of a second activated phosphatidyl group from CDP-DAG by CL synthase activities [22].

CL has stringent acyl group specificity, therefore, remodelling and resynthesis of the CL species
is critical, provided the lack of acyl specificity in the de novo CL synthesis pathway. The two
remodelling pathways are the Lands cycle where a two-step acylation-reacylation occur, and the
direct acyl group exchange between PLs [60]. Tafazzin is a phospholipid-lysophospholipid
transacylase with the ability to catalyze CL remodelling in both pathways. In both pathways for CL
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remodelling, tafazzin as a transacylase catalyzes the production of a remodeled CL and a monolyso-
PL from a monolyso-CL and a PL. Interestingly, tafazzin-mediated CL remodelling generates a shift
towards unsaturation in the acyl chains which is critical for membrane fluidity [60]. In addition,
Monolyso-CL acyltransferase 1 (MLCLAT1) and acyl-CoA:lysocardiolipin acyltransferase-1 (ALCAT1)
are both enzymes functioning in the process of CL remodelling and utilize acyl-CoA as the acyl donor
[60].

The other possible metabolic fate for PA as a precursor is the de novo synthesis of Pl. In this
pathway, PA is converted to CDP-DAG by CDS1 and CDS2 at the ER membrane without being
transported into the mitochondria [59]. While Pl is highly enriched in stearic acid at the sn-1 position,
and arachidonic acid at the sn-2 position, there is limited research and understanding of whether
the CDS’s have acyl chain specificity. This acyl chain specificity of PI, however, had been
demonstrated to be tissue-specific, as it is present in >85% of the brain Pl pool [59, 61]. As well, CDS
activities are essential for Pl synthesis. The last step in the pathway is catalyzed by CDP-
diacylglycerol-inositol 3-phosphatidyltransferase (CDIPT), also called Pl synthase (PIS). This reaction
occurs via exchanges of inositol and CMP on CDP-GAD, thus producing Pl [61]. Remodelling of PI
post de novo synthesis is an additional step for the Pl species to achieve a desired acyl group
composition [62].

3. Membrane Phospholipids in the Central Nervous System
3.1 The PL Specificity of the Nervous System

As essential components of neuronal membranes PLs are responsible for proper functioning of
the synapses, receptors, transporters, neurotransmitters and lipid-signaling. PLs are in a constant
turnover through highly regulated processes of synthesis and degradation. They are source of
various signalling molecules including eicosanoids, fatty acids, PA, and DAG. PE is the main provider
of n-3 and n-6 polyunsaturated fatty acids (PUFA) and monounsaturated fatty acids (MUFA), and it
is also the precursor of the specific neurotransmitter anandamide (N-arachidonoyl ethanolamine)
[63, 64]. PCis also a source of choline for acethylcholine synthesis, and Pl is the precursor of multiple
phosphoinositide species with a wide functional diversity in the CNS [24, 62].

Recent studies revealed a large diversity in the brain PL species, compared to other organs. There
is a larger cholesterol and a lower PC content in the human brain than in average bodily tissue [10,
63]. Moreover, compared to non-brain tissues, higher FA saturation, together with high cholesterol
is necessary for optimal membrane function in the brain [63]. A recent review on the lipidomic
analyses of the brain PL content also highlighted that PLs in the brain are more saturated than in
other tissues, further elucidates the importance of PL homeostasis for maintaining the proper brain
function [63]. In support of this, computational modeling of the mammalian brain cell plasma
membrane also showed a higher tail order as a result of high saturation and cholesterol density,
especially in the outer layer, as a specificity of the PL bilayer in the brain [65]. However, because of
the high PLs diversity and complexity of regulation, development of new approaches is needed in
studying the brain lipids, as the need for better biological models for neurobehavioral studies have
already been recognized.
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3.2 The Critical Regulators of PLs Synthesis in the Nervous System

Although constantly remodeled, the stable membrane PL ratio is at the centre of optimal cellular
function and its disturbance is frequently of pathological nature. For example, an inversed
hippocampal PC/LPE to PS ratio is indicative of postischemic neurodegeneration in the rat CNS [66].
The PL composition in the mouse brain mitochondria differs by age, and the PL content deteriorates
overtime [67]. PC/LPC ratios is significantly different in patients with Alzheimer’s disease (AD) and
mild cognitive impairment [68], and an altered PL composition was also observed in the brains of
patients with Down syndrome [69].

An intricate set of regulation ensures the optimal PLs synthesis in neuronal membranes. Choline
transporter-like protein 1 (CTL1) encoded by the SLC44A1 gene is the main transporter for the brain
PC synthesis, while a different transporter (CHT/SLC5A7) regulates choline transport for
acetylcholine synthesis [70]. Recent studies had shown that both SLC44A1-PRKCA and NOTCH1-
PRKCA fusion oncogenes are causing development of papillary glioneuronal tumors [71]. CTL1
activity is regulated by choline availability, evidenced by a decreased expression in choline
deficiency and an increased expression by choline supplementation [27]. Homozygous deletion of
CTL1 blocks choline transport and disturbs PL homeostasis by reducing PE and PS pools as means to
preserve the brain PC as a source of choline [7]. Recently, we identified a new role for CTL1/SLC44A1
and CTL2/SLC44A2 proteins in transporting ethanolamine for PE synthesis. Therefore, since CTL1/2
transport plasma membrane choline and ethanolamine, they directly control PC and PE homeostasis
and their membrane ratio [72]. Both CTL1 and CTL2 additionally localize and transport choline and
ethanolamine in the mitochondria yet their role in the mitochondria is not completely clear [72].

Our search of the Ensemble Database showed that Pcyt2 splice variants similar to mouse Pcyt2y
(section Il. b) i)) are present in humans and distantly related species, indicating evolutionary
conservation of splicing mechanisms to produce multiple transcript variants. Indeed, multiple
human transcripts had been identified that lack HXGH catalytic site as we demonstrated for mouse
Pcyt2; examples include ENSTO0000570388.5, ENST0O0000331285.7, and ENST00000572995.5, all of
which lack the C-terminal HXGH site. In addition, Siberian tiger Pcyt2 transcript
(ENSPTIGO0000010590) lacks the C-domain HXGH, gorilla variant (ENSGGOG00000067604.1) has
the N-domain HXGH absent; zebrafish has several variants lacking either of the two HXGH catalytic
sites. Excitingly, the most recent study in Drosophila established that dysfunctional minor
spliceosome causes spinal muscular atrophy by direct contribution from three neural genes, Pcyt2,
Zmynd10, and Fas3 as the main splicing targets [73]. This agreed with the existence of multiple Pcyt2
isoforms and implicates a strong splicing and self-inhibiting regulation of de novo PE synthesis by
the Kennedy pathway. However, whether is such mechanism fully active in the human CNS is not
known at the present.

Pcyt2 expression and activity are suppressed by oxysterols and stimulated by early growth
response factors, nutrient starvation and PKC signaling. Oxysterols is a potent cholesterol regulator
that stimulates the excretion of cholesterol. It was also shown to inhibit Pcyt2 [74, 75], specifically
by promoter interaction of NF-Y and p300 and histone H3K27 acetylation [76]. Oxysterols have been
implicated in HD, AD, ALS, and PD [77]; therefore, down regulation of Pcyt2, PE synthesis, and
PE/cholesterol homeostasis by oxysterols warrants further investigation in the CNS.
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The metabolic conversion of PC, PE and PS are tightly intertwined (Figure 2): PC and PE universally
produce PS by PSS1 and PSS2, respectively; the mitochondria produce PE from PS by PSD; and mainly,
the liver PE could be converted to PC by the PE methyltransferase (PEMT) [25].

Since there are two pathways for PE synthesis, the activities of the CDP-Etn Kennedy pathway
gene Pcyt2 and PSD pathway Pisd gene are coordinately regulated. Pisd*/- mice has increased Pcyt2
mRNA and an increased Kennedy pathway activity [5]. On the other hand, excess Etn up-regulates
the PE Kennedy pathway and reduces the export of PE derived in the mitochondria [45]. PE
produced via PSD pathway resides in the mitochondria, but it could also be exported into the ER
when the PE Kennedy pathway is impaired [45], as in the case of liver specific Pcyt2 knockout mice
[39]. Neither pathway, however, can fully compensate for the other as the global mouse knockouts
of Pisd or Pcyt2 are both embryonically lethal [4, 5].

A sexual dimorphism for the PE formation in the mitochondria had been observed in the
hepatocytes of Pss2”/- mice. Hepatocytes from female Pss2”/- mice showed increased choline
incorporation in PC produced via CDP-choline Kennedy pathway by increased Pcytl activity,
whereas hepatocytes from male Pss27/-mice showed increased ethanolamine incorporation into PE
and PC via Pcyt2 (CDP-Etn Kennedy pathway) and PE methylation (PEMT) activities, respectively [78].
Provided that Pss27- cells need to rely primarily on PSS1 for the synthesis of PS, it was evident that
female mice relied more heavily on the de novo synthesized PC to form PS and maintain PL
homeostasis. On the other hand, males rely more heavily on the de novo synthesis of PE, and
potentially PEMT for PC to maintain phospholipid homeostasis [20]. This is in support of the sexual
dimorphism observed in whole-body Pcyt2 knockdown model, in which male mice were more
severely impacted by the disruption of the rate limiting PCYT2 in the Kennedy pathway [37].

Finally, the existence of the human brain PE methylation is a controversial issue. A reduced PEMT
activity via a functional single nucleotide polymorphism, G523A (the rs7946 allele), in a Chinese Han
population showed correlation with sporadic AD, especially in females. No significant alterations
were observed in homocysteine production by the mutated PEMT; therefore, it was speculated an
altered PC production could be causal [79]. Our recent work with individuals that develop a new
type of childhood neurodegeneration showed an CTL1 mutant fibroblasts increased PC formation
from PE methylation, which could be important for future treatments if proved that same is the
case in the patients’ neurons or stem-cell derived neurons [7].

4. Membrane Phospholipids in Neuropathology

As previously discussed, the enzymes involved in the regulation of phospholipids function in
multiple cellular pathways to ensure a homeostatic environment for the neural cells. At large, the
major pathways implicated in neuropathy because of PL dysregulation include disruption in
autophagy & endocytosis, mitochondrial damage, and iron accumulation & oxidative stress because
of other organelle damages.

4.1 Autophagy & Endocytosis (Lysosomes)

Autophagy and the ubiquitin-proteasome system (UPS) are the two cellular processes to recycle
cellular materials and eliminate deleterious cytosolic content by lysosomal degradation [80]. Three
main types of autophagy exist in the mammalian cell differed by their mechanisms of actions:
microautophagy, chaperon-mediated autophagy (CMA), and macroautophagy. Microautophagy is

Page 11/36



OBM Geriatrics 2021; 5(3), doi:10.21926/obm.geriatr.2103176

the unselective, direct engulfment of cytoplasmic cargo by lysosomes, and CMA is through binding
of lysosome-targeted heat shock proteins to selected cytoplasmic substances [81, 82]. The most
well-studied type of autophagy is macroautophagy, where a series of double-membraned
intracellular complexes are formed in the cytosolic compartment that eventually fuse with
lysosomes for degradation [80, 83]. The macroautophagic process and the UPS system work in
concert with one another, and both are implicated in the maintenance of the physiological integrity
of the CNS [80, 84]. Macroautophagy is hereafter simply referred to as autography, a cellular
process initiated by the unc-51-like autophagy-activating kinase 1 (ULK1) complex and negatively
regulated by rapamycin complex 1 (mTORC1). Upon the initiation of autophagy, a cup-shaped
structure with a lipid bilayer membrane called phagophore is nucleated near the cytosolic content
to be cleared from the cell. This cup-shaped structure then undergoes expansion in the elongation
stage by membrane addition [85].

Previously, it was generally agreed upon the lipid flux into autophagophores in both mammalian
and yeast cells are contributed by preformed membranes from a combination of the endoplasmic
reticulum (ER), the Golgi apparatus, endosomes, mitochondria, and even the plasma membrane
itself. Contradictory to this hypothesis, Schiitter et al. recently reported in yeast cells that localized
PL synthesis as mediated by acyl-CoA synthesase 1 (FAA1) is imperative for autophagophore
expansion and autophagosome formation [86]. Additionally, similar mechanisms had been reported
in mammalian cells, where the de novo PL synthesis is required for autophagosome membrane
formation. Our laboratory first demonstrated that the de novo synthesis of PLs at the ER membrane
is coupled with autophagophore formation and that PE made by the Kennedy pathway incorporates
into LC3 [87]. Recent findings by Andrejeva et al. confirms this and further elucidates the de novo
synthesis of PC is required for autophagosome formation and maintenance. Specifically, the newly
synthesized PC contains a higher polyunsaturated FA content and is directly incorporated into
autophagophores [88]. Indeed, when expressed in yeast cells, the human long-chain-fatty-acid CoA
ligase 4 (ACSL4) protein was able to replace yeast FAA1 activity and carry the downstream formation
of autophagosome [86].

In the CNS, autophagy is a main pathway for drug target for the treatment of neurogenerative
diseases. Amyloid-p treated human neuroblastoma cells expressed sustained up-regulated levels of
protein kinase B (Akt) by dynamin-related protein 1 (Drp1) activation, and inhibition of autophagy
via the mTOR pathway [89]. The deleterious impact was observed in apoptosis of the Amyloid-
treated cells. Interestingly, the effect of Akt activity in maintaining neuronal cell health is
controversial: on one hand, Akt activation stimulates autophagy via inhibition of mTOR activities,
and is central for maintaining the mitochondrial integrity [90]; on the other hand, Akt up-regulation
has been associated with AD development, potentially via an overactive UPS induced by prolonged
Akt activation [89, 91]. In either case, Akt remains an important regulator for neuronal cell survival.
Recently, it was reported the lipid-sensing ability of mTOR as both mTORC1 and mTORC2 are
activated upon de novo PA synthesis of 16:0 and 18:1 PA species with subsequent Akt
phosphorylation, suggesting a possible avenue of PA synthesis modulating autophagy and the
neuronal cell fates [92].
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4.2 Mitochondrial Damage

The mitochondria are cellular organelles of prokaryotic origins, with features including PL-bilayer
membranes and its own set of circular genome (mtDNA), separate from the chromosomal DNA. The
incorporation of both the outer and inner mitochondrial membranes (the OMM and IMM) in the
mitochondria allows the buildup of an electrochemical gradient within the intramembrane space,
for substrate transport and energy production through the electron transport chain (ETC). The
physiological significance of the mitochondria is largely derived from its ability to generate ATP, a
high-energy molecule essential to fuel cellular processes via oxidative phosphorylation (OXPHOS).
The production of reactive oxygen species (ROS) is a by-product of OXPHOS and despite its role as
a secondary messenger, ROS cause oxidative stress when overproduced [93].

The mitochondria membrane integrity is governed by fusion and fission events, mtDNA
replication, and the level of oxidative stress. Particularly, fusion and fission events are crucial for the
mitochondria quality control (MQC) [93]. Fusion events are mediated by core enzymes of
mitofusin1(Mfn1) and mitofusin2 (Mfn2) for OMM fusion, and optic atrophy gene 1 (OPA1) for IMM
fusion [94]. Fusion redistributes mitochondrial content in the presence of mild and temporary
stressors to “dilute” the damage of partially dysfunctional areas. Hyperfusion may even occur in the
case of nutrient starvation to combat a complete breakdown of the mitochondria [93, 95]. Contrarily,
fission events in the mitochondria is the process of organelle fragmentation into separate entities.
Fission is mediated largely by the dynamin-related protein 1 (Drp1), where the irreversibly damaged
mitochondria undergo mitophagy, a selective form of autophagy targeted at the mitochondria [96].

PTEN-induced putative kinase 1 (PINK1) is a central activator of mitophagy and MQC. The
accumulation of PINK1 on the OMM activates two pathways: 1) PINK1 can recruit Drpl to
mitochondria to facilitate mitochondrial fission, and 2) PINK1 can complex with Parkin which
recruits ubiquitin, thus inducing mitophagy. The PINK1-Parkin system is inhibitory of mitochondrial
fusion by downregulation of Mfn1 and Mfn2, selectively pinching off fragmented mitochondria [95].
Recent data also demonstrates a PINK1-Parkin-independent pathway of mitophagy, facilitated by
AMPK’s activity in phosphorylating mitochondrial fission factor (MFF). ULK1 phosphorylation is also
observed with induced AMPK activity in a dose-dependent manner. This newly discovered pathway
suggests a more complex regulation of mitochondrial fission machinery with mitophagy, as ULK1 is
a core proteinin the ULK complex that is essential for autophagy initiation [97]. Interestingly, PINK1-
Parkin system could also promote mitochondrial biogenesis by facilitating degradation of a Pparg-
coactivator 1-alpha (PGC-1a) inhibitor, PARIS [98]. In cortical neurons, overexpressed Parkin and
PGC-1a promoted mitochondrial biogenesis, respiration and mitophagy [99]. The induction of
PINK1-Parkin with rotenone however inhibited PGC-1a expression in PC12 cells [100]. Nevertheless,
both studies demonstrated a bidirectional interaction between the PINK1-Parkin system and PGC-
la but the contradictory results from these studies warrants further investigation.

A balancing act of the membrane fusion and fission events via the sophisticated network
dynamics is especially important in prevention of neurodegeneration, as mitochondria plays a
crucial role in a high-energy demanding environment like in the nervous system. In fact,
neuroinflammation and accumulation of toxic protein aggregates are implicated along
mitochondrial damage in neuronal cells [101]. Dysregulated fusion and fission events are both
deleterious in neuronal cells, since mitochondrial elongation and swelling due to hyperfusion, as
well as fragmentation as a result of unchecked PINK1-Parkin activity and increased fission, can both
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lead to accumulation of damaged mitochondria and hence cell death [95, 102]. Moreover, the
regulatory proteins discussed above had been implicated in different neurodegenerative diseases.
To name a few, a malfunctioning PINK1-Parkin system via loss-of-function mutations is the leading
cause for autosomal recessive Parkinson’s disease; molecularly, the implication of the PINK1-Parkin
system was demonstrated in a model of PARIS-dependent dopaminergic neuronal death by PINK1-
Parkin inactivation [98]; moreover, Drpl can be activated by Amyloid-B aggregates in the case of
Alzheimer’s disease (AD), as well as being a modulator in the process of neuronal differentiation by
tempering the optimal level of fission event occurrence [89]. Aside from chronic neurodegenerative
diseases, acute neurodegeneration such as traumatic brain injuries (TBI) also show altered
mitochondrial fusion by up- and down- regulation of the OPA1 protein, depending on the grade of
TBI [96].

The manifestation of mitochondrial damage occurs in various forms including oxidative stress, a
reduced mitochondrial membrane potential (AWm), mutation in mtDNA and/or a reduced copy
number. PLs form autophagosome membranes, and protein LC3 which regulates autophagy is
specifically lipidated with PE-hence regulating the mitochondrial and neuronal health [87]. In
addition, prevention of apoptosis is an important avenue in combating the lack of cellular
regeneration that may lead to degenerative diseases. Several PLs are heavily involved in the
regulation of AWm, including PE and CL. Specifically, reduced mitochondrial PE synthesis from PS
had led to decreased level of mitochondrial respiration, along with disrupted IMM morphology and
CLloss in muscle cells, despite the rescue efforts with the up-regulation of Parkin [103]. Furthermore,
phosphoethanolamine (PEA), a substrate for PE synthesis, had been shown to disrupt mitochondrial
respiration by indirect inhibition of the ETC protein complexes [104], more specifically by the
inhibition of complex Il [105].

With the metabolism of mtPE is closely regulated by the transport of PS, it also gives way to the
indirect impact by the functions of the MAM and ER-mitochondria contact sites (MCSs) on
mitochondrial vitality. Although no current consensus had been drawn on the mechanism of action
of PS import to the IMM, the close juxtaposition of the MAM and mitochondrial membrane is
needed for the PL transport to take place [34]. Mfn2 had undergone heavy investigation as an
enzyme of interest in the tethering of the two membranes; however, there is no evidence of PS
influx in relation to the mitochondrial fusion event. Whether the mitochondrial damage due to the
loss of PSD was a result of intramitochondrial PS accumulation or loss of PE needs further
investigation.

CL is a mitochondria-specific PL in the mammalian cell, which plays a central role in maintaining
mitochondrial integrity. Nearly not present in any other cellular membranes outside the
mitochondria, CL is the only PL with two phosphatidylglycerol backbones and four fatty acid side
chains, rendering it another non-bilayer forming PL with a conical shape, aside from PE [106]. Due
toits shape, CL is highly present in the IMM in an asymmetric manner across the lipid bilayer at sites
with a high level of negative curvatures. The relation between a high concentration of CL and a
curvature-dense environment was shown to be bidirectional, as in vitro induction of membrane CL
accumulation by increasing the membrane curvature could be observed with only egg PC and CL
[107]. As a result, in a structure that has a high level of membrane folding like the mitochondrial
cristae, CL is fundamental for the maintenance of the membrane’s morphological and functional
integrities [108]. Namely, CL’s involvements in the regulation of mitochondrial respiration, PKC
activity, cytochrome c release, and much more, have been well researched and reviewed [106, 109,
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110]. Recently, it was reported that CL also plays an essential role in regulating the stability and
activity of the mammalian mitochondrial calcium uniporter (MCU). Specifically, a depletion of CL
resulted in rapid turnover of MCU with reduced calcium transport across the mitochondrial
membranes; this complication is implicated in the development of Barth syndrome [111].
Interestingly, although both CL and PE are conically-shaped and negative-curvature inducing in the
PL bilayer, CL and PE depletion led to distinct pathophysiological outcomes in yeast cells despite
lethality when both are depleted: a reduced mitochondrial CL disrupted the respiratory chain
complexes, whereas a reduced mitochondrial PE stabilized the complexes while promoted
formation of larger complexes [112]. This distinction between CL’s and PE’s roles in mitochondrial
respiration regulation was further validated by the regulation of formation of the yeast
mitochondrial adenosine 5'-diphosphate/adenosine 5'-triphosphate carrier (Aac) in the respiratory
chain by CL, since the depletion of such destabilized the respiratory chain protein complexes. The
destabilization of the respiratory chain complexes directly disrupts /A Wm and mitochondrial
bioenergetics, a demonstration of CL’s critical role in maintaining mitochondrial functions [113]. On
the other hand, CL is also a site for toxin insertion into the mitochondrial membrane, causing pore-
formation and membrane leak. Specifically, as related to PD, a-synuclein (a-syn) inserted into the
IMM in a CL-rich environment in vitro. It was observed that a-syn could induce poration in the
mitochondrial membrane and is detrimental to neuronal cells [114]. Therefore, maintenance of a
low CL content on the OMM not only serves an important purpose in mitochondrial morphology,
but exposure of CL on the outer OMM may increase the rate of PD development.

4.3 Iron Accumulation and Oxidative Stress

Iron accumulation in the brain and the resulted oxidative stress are often observed in
neuropathology, together with autophagy and mitochondrial damage. Currently, there is no
consensus on whether the iron accumulation is primary or secondary to other organellar damages.
Nevertheless, both organellar damage and iron accumulation are hallmarks in the development of
neurodegenerative diseases. A specific type of rare neurodegenerative disorders, coined
neurodegeneration with brain iron accumulation (NBIA), are labelled by a common trait of iron
deposit in the brain. Although more than ten genes had been identified as causative of NBIA, most
of these genes are indeed unrelated to iron metabolism [115]. On the other hand, iron accumulation
had also been observed in both chronic neurodegenerative diseases like AD, PD and ALS [116, 117],
as well as acute neurodegenerations caused by traumatic brain injuries (TBI) [118], raising the
speculation of brain iron deposits being a commonly observed outcome as a result of cellular
dysfunctions. Whereas mitochondrial damage and autophagic dysregulation are usually observed
with iron accumulation, oxidative stress is often present as a result of the excess free radical
production by reduction of H,0; by the iron ions [116, 119].

Among the NBIA, the currently identified deleterious mutations are in subtypes of related to iron
homeostasis, coenzyme A synthesis, lipid metabolism, autophagy, and unknown functions as
categorized by cellular pathways (reviewed in detail by Levi et al.). The Pla2g6 mutation and the
C190rf12 mutation are involved in PL metabolism [120, 121]; specifically, a case with the absence
of C190rf12 showed pathologies including Lewy bodies, tau proteins, tangles, and spheroids [122].
In addition to the current list of mutations causative of NBIA, we recently established the
involvement of CTL1 in a novel early-onset neurodegenerative disease [7]. CTL1, a choline
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transporter expressed on both the plasma and mitochondrial membranes, is also pivotal for CNS
health. Mutations in the SLC44A1 gene resulted in childhood-onset neurodegeneration
accompanied with iron loading in the brain in two out of three separate mutations. Choline
supplementation was able to restore membrane lipids and organelle functions and protect affected
fibroblasts from iron loading, demonstrating choline deficiency as a cause for the disease. The
important finding was that in the SLC44A1 mutant fibroblasts the major reduction was observed in
the membrane PE not in PC. PC remained constant due to reduced PC degradation by PSS1 and
increased formation by PE methylation [7]. Furthermore, we recently discovered that CTL1 also
transport ethanolamine for PE synthesis, and that disruption in the PE homeostasis and
consequently involving other PLs is indicative of an intricate internal system to maintain membrane
PL balance [72].

4.4 Significance of Phospholipid Dysregulation in Neurodegenerative Diseases

Neurodegenerative diseases denote a series of events where the functions of the brain decline
overtime due to the irreversible death of neuronal cells and the lack of regeneration thereof. Most
often, a hallmark of such pathology is accompanied by the accumulation of toxic protein aggregates.
As the central nervous is rich in lipids, the regulation of a functional lipid network is pivotal for the
maintenance of neural health. In the following section, the implications of phospholipid
dysregulation in each of the major neurodegenerative diseases are discussed in details.

4.4.1 Alzheimer’s Disease

Alzheimer’s disease (AD) has the clinical manifestation of mild cognitive impairment in
behaviours with great heterogeneity; some of the areas are memory, task completion,
comprehension, communication, mood and personality, and many more, with the most common
manifestation being amnesia [123]. Although early diagnosis of AD dementia allows for timely
preventative measures, usually the minor earliest symptoms remain undiagnosed for years until the
disease progression may be irreversible worsened. Moreover, neuropathological development in
the brains of AD patients often precedes symptom onset, and neuropathological changes do not
infer cognitive impairment in some cases [124]. The blurry line between clinical symptom onset and
the biological definition of AD hence is a constant subject of research and renewed knowledge. In
2018, the new National Institute on Aging-Alzheimer’s Association research framework had been
updated to introduce a more uniformed grading system and a common language for better
communication among researchers. By this framework, AD as a unigque neurodegenerative disease
is defined by the presence of extracellular AB plaques, cytosolic tau tangles, and neurodegeneration,
separate from other forms of dementia. Here, we will be focusing on the neuropathological
manifestations of AD as it relates to PL function in affected tissues [124].

While the presence of AB and tau proteins have not been shown to be causal to AD development,
both protein aggregates can cause neurotoxicity and neuronal cell death [124, 125]. The production
of AB is from the serial action of amyloidogenic cleavage of the amyloid precursor protein (APP) by
first B-secretase then y-secretase, resulting in the production of fibril-forming AP peptides that are
secreted into the extracellular space. Accumulation of the AP peptides at a higher rate of clearance
leads to the protein aggregate formation at the sites of hydrophobic residues, causing fibrillar
plaques to form [14, 126]. The dominant forms of the AB peptides found in AB fibrils are of 40 (AB40)
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and 42 (AB42) residues in size. The two peptides contribute to the formation of AB fibrils differently,
as the AB40 peptide is more prominently expressed, but the AB42 peptide is more likely to form
fibrils [14]. While the expression of insoluble AB fibrils is a hallmark in the brains of AD patients,
research had found that the soluble AR oligomers as the precursor of AB fibrils to be the more
bioactive species in neurotoxicity [127, 128]. Indeed, ample studies had demonstrated the
neurotoxic effect of AR oligomers: damages include nerve cell death, neurotic dystrophy in cultured
neurons, synaptic dysfunction, disrupted insulin and calcium homeostasis in the brain, etc. [128-
130]. Clinically, these translate into symptoms such as memory loss, inability to form new memories,
and a higher association of AB oligomers, rather than AP fibrils, with AD development [129].
Moreover, both AB oligomers and fibrils had been demonstrated to interact with tau proteins which
are structurally associated with the microtubules under physiological condition [125].
Hyperphosphorylation of tau proteins occur with AB overexpression, leading to dissociation and
aggregation of tau proteins [131]. The pathological implications of these two neurotoxic protein
aggregates include neuroinflammation, mitochondrial damage, elevated oxidative stress, apoptosis,
iron accumulation, and much more [14, 117, 125, 132].

Numerous studies had demonstrated an altered PL profile in the CNS tissues of AD patients
compared to physiologically healthy controls. Specifically, a significant difference was observed in
the ratio of PC/lyso-PC between patients with either MCl or AD, and healthy controls. This
differentiation in PC/lyso-PC was proposed as an additional biomarker to the current ones for
neuropathological diagnosis of AD, with an accuracy of 82%-85%. This decreased ratio of PC/lyso-
PC was hypothesized as a result of increased phospholipase A; activities (PLA2), an enzyme
catalyzing the cleavage of sn-2 fatty acid chain from PLs and is closely associated with AD pathology
[68]. Additionally, other plasma PLs had also been proposed as biomarkers for the detection of
preclinical AD, suggestive of disrupted PL homeostasis in AD. In animal models experiencing
repetitive traumatic brain injuries (TBI), elevated levels of PE, PC, and Pl were observed in the
hippocampus, and elevated levels of PC and Pl were observed in the cortex, both at chronic time
points post-injury [133]. On the contrary, there was a reduced level of PC, PI, and ether-PE in the
cortex in the AD-phenotype model [134]. This result demonstrated a distinction between the PL
profiles in the two neuropathologies, although repetitive TBI is a risk factor for AD development
[134]. Interestingly, the increased PL levels in post-TBI models may suggest a higher likelihood of
tau protein aggregation in neuronal tissues due to the increased phosphorylation by bioactive PLs.
In a following animal trial with mice expressing all six human tau variants that experienced the same
TBI, acute and sub-acute increases in the PE, PC, and lyso-PE and lyso-PC levels were observed in
the hippocampus and cortex. In comparison to the null Tau controls expressing a similar PL increase,
the increase in PL levels in hTau mice may suggest that TBI, rather than tau pathology, is more
causative of PL increase [133]. How tau pathology plays into the development of further
neurodegeneration remains elusive. On the other hand, in a Chinese population, the PEMT G523A
mutation was reported as a risk factor for AD, possibly due to lower PC production and perhaps
choline deficiency as a result of reduced PEMT activity [79]. As cholinergic signalling is a potential
target of AB oligomer toxicity, a compromised level of choline concentration may exacerbate
dysregulation in cholinergic signalling that is central to proper brain functions [130].

Several PL-involved products were proposed as tentative treatment methods. For example,
liposomes containing PC and PS were investigated as a candidate for anti-inflammatory treatments
in the CNS, specifically targeting Ap induced-microglia [135, 136]. Interestingly, anionic membrane
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surfaces such as supplied by PS had been previously shown to induce tau fibrilization and
aggregation, promoting tau toxicity [137]. Therefore, the in vivo application of PC and PS containing
liposomes in AD would need further research.

4.4.2 Parkinson’s Disease

Parkinson’s disease (PD) is another prevalent neurodegenerative disease world-wide. The clinical
manifestations of PD and other a-synuclein (a-syn) related diseases such as dementia with Lewy
bodies include impaired movement, tremor, micrographia, rigidity, as well as abnormal cognitive
function [138]. PD is caused by neuronal cell death in the substantia nigra, as a result of the
formation of insoluble protein aggregates of a-syn. Insoluble a-syn oligomers aggregate into
inclusions of Lewy bodies (LB) in the cytoplasmic compartment, a hallmark of PD development [139].
The a-syn aggregates impair neurotransmitter secretion, mitochondrial integrity and autophagy
processes and they are able to self-propagate [139, 140].

Mitochondrial damage and autophagic dysfunction are the main mechanisms of pathological
development in PD [119, 139, 141]. Mutations in PINK1 and Parkin had been prominently linked to
autosomal recessive PD. As reviewed previously, mitochondria-related proteins implicated in PD
include PINK1, Parkin, LRRK2, VDAC1, Tom40, HtrA2, and MCCC1. While some of them, such as
PINK1, Parkin, Tom40 and HtrA2 are proteins directly functional in the mitochondria, proteins like
LRRK2 have functions directly impact the maintenance of mitochondrial integrity [95, 119, 142].
Neuroepithelial stem cells with the LRRK2-G2019S mutation exhibit excess mitochondrial
fragmentation, reduced AWm and respiration [143]. PINK1 and Parkin are involved in the MQC
processes of fission and mitophagy, to eliminate mitochondria-induced cell death as described in
Section IV. b).

Additional to the previously established processes, progressive changes in membrane lipids play
a contributing role in PD pathologies. The amyloid cascade hypothesis (ACH) proposed that the
progression of PD is due to the accumulation of spontaneous a-syn aggregate formation [144]. In
support of this hypothesis, neuronal a-syn was reported to strongly interacts with phospholipids
under nanomolar concentrations close to in physiological conditions, which leads to a-syn
neurotoxicity by increasing membrane permeability. The rate of a-syn aggregation was positively
associated with a protein-to-lipid ratio. As well, a-syn aggregates were shown to spontaneously
dissociate from the PL bilayer membranes, pointing to the critical role PL bilayer membranes play
in the process of aggregate spreading and disease progression [144]. Moreover, the LB core is lipid-
dense, specifically of sphingomyelin and PC which may aid in further a-syn aggregate formation
[145]. In a Saccharomyces cerevisiae yeast PD model, the knockdown of PSD1 resulted in PE
deficiency and consequently mitochondrial damage and ER stress, along with a three-fold increase
in the a-syn level [146]. The different changes in PLs, such as a decrease in the PC, PE and Pl content,
and an elevated PS level as well as the development of lipid droplets (LDs), as related to PD
development are discussed in detail in a recent review [145]. Interestingly, a possible “bidirectional
pathological interplay” between a-syn and lipids was proposed where a-syn aggregates have the
propensity to increase lipid droplet formation and binding to them, the process reinforced by an
increased MUFAs and PUFAs [145].

Genome-wide-association-studies (GWAS) had found genes from lipid metabolic pathways that
are closely associated with disease onset and progression of PD. Lipid-related genes closely
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associated with PD development include genes encoding for glucocerebrosidase (GBA) and sterol
regulatory element binding transcription factor 1- retinoic acid induced 1 fusion protein SREBF1-
RAI1 [142]. As well, a recent study on 12 human cohorts identified SLC44A1 which encodes choline
transporter-like protein 1 (CTL1) as a significant risk factor in later stages of PD [147]. The CTL1 plays
a pivotal role in the process of choline transport for PC synthesis, as discussed in previous sections
(sections lll. b) and V. c)). The three inherited homozygous frame-shift mutations in SLC44A1 gene
(SLC44A1MAsp517, SLC44A1 ASer126 and SLC44A1 ALys90) that cause a neurodegenerative disease
with elements of childhood-onset parkinsonism and will be discussed in Section lll. b).

4.4.3 Huntington’s Disease

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by a
CAG expansion mutation in the gene encoding the huntingtin (HTT) protein. Although relatively rare,
the clinical onset of the HD usually follows poor prognosis with death within the following one to
two decades, accompanied by symptoms including motor and cognitive declines as well as
disturbance in neuropsychiatry [148, 149]. HD typically showed a large degree of variation in disease
onset between individuals, an indication of environmental factors influencing the disease
development. It is also generally believed that a longer CAG repeat is associated with earlier disease
onset, and vice versa [15].

The pathological mechanism for HD development is generally attributed to aggregation of the
cleaved-off N-tails of mutant HTT (mHTT), which can affect a multitude of cellular processes [15].
Relatively well studies are the protein-protein interactions between mHTT and interaction partner
proteins. These proteins are involved in cellular pathways including axonal transport, autophagy,
palmitoylation, mitochondrial fusion and fission, etc. [150]. In particular, mTOR signaling is impaired
in cell models expressing mHTT, potentially by down regulating the striatal specific RAS-like protein
Rhes [150]. mTOR signalling dysfunction has consequences for mitochondrial proliferation, lipid
homeostasis, myelination, and neuronal cell proliferation [151, 152]. The mHTT aggregates can
crossing over the nuclear membrane and directly interfere with gene transcription [150]. Moreover,
it was recently discovered that not only can the mHTT protein, but also its mRNA, interfere with
cellular processes via a gain-of-function mutation. Most proteins captured by the mHTT mRNA are
spliceosomes, with the most notable target protein being PRPF8. This protein is a regulator of
transcription factor CREB1 which has implications in HD development [153].

As new discoveries had been made on ferroptosis and iron accumulation, more and more
associations had been drawn between HD pathology and mitochondrial dysfunction and oxidative
damage. Indeed, iron accumulation and oxidative stress had been readily observed in both animal
and human HD models. Although given the close relationship between a homeostatic PL pool and
mitochondrial health, a lack of research can be found to draw a definitive connection between PL
homeostasis and HD pathology. It was observed that supplementation with alpha-lipoic acid and
acetyl-L-carnitine in rats could ameliorate 3-nitropropionic-acid induced HD pathology by restoring
the mitochondrial lipid composition [154].

4.4.4 Other Neurodegenerative Diseases

Recently identified a novel childhood-onset neurodegenerative disease with Parkinsonian-like
features caused by CTL1 deficiency, a result of loss-of-function, homozygous frameshift mutations
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in the SLC44A1 gene. Patients experienced delayed early development in motor and cognitive
controls, and collectively experienced clinical symptoms entailing motor neuron dysfunctions
including tremor, ataxia, dysarthria, difficulty swallowing, muscle weakness, strabismus, and
decreased visual acuity [7]. CTL1 is choline and ethanolamine transporter (as discussed in previous
sections) universally expressed in both the plasma and mitochondrial membranes for the transport
of choline and ethanolamine for PC and PE synthesis by the Kennedy pathway [155]. Discovery of
this connection between CTL1 deficiency and neurodegeneration had highlighted the significance
of the membrane bilayer PLin the brain. This novel discovery is the first to draw a causal relationship
between CTL1, PL, and neurodegenerative disease. It also demonstrates the interconversion
between PLs and consolidates the significance of a balanced PL in maintaining the brain function.

PE dysregulation is also involved in the development of other neurological impairments. For
example, a lack of PE-plasmalogens, was observed in Zellweger syndrome patients and most
peroxisomal disorders lack plasmalogens [156, 157]. As well, disruption of the CDP-ethanolamine
pathway by partial Pcyt2 deficiency in humans led to the development of a complex hereditary
spastic paraplegia, with disturbance shown in PL plasmalogens [9]. Furthermore, also recently found
in humans was an autosomal recessive variant of the SELENO1 gene that encodes EPT, the enzyme
catalyzing the last step of the CDP-ethanolamine pathway [8]. The clinical manifestations of this
disease were strikingly similar to that with Pcyt2 deficiency, including mild intellectual disability,
epilepsy, spasticity, and increased T, intensity signal in the periventricular white matter.
Interestingly, there was no detectable different PE levels in the patients’ blood samples, indicating
possible compensatory pathways for PE synthesis, potentially via the PSD pathway [8]. A similar
compensatory effect was also observed in CTL1-deficient patients where the PL homeostasis instead
of the PC content was disturbed [7]. Therefore, EPT deficiency, in combination with cases of Pcyt2-
deficiency in humans, point to the critical role of the CDP-ethanolamine pathway in lipid
homeostasis.

PS is only produced from PC (PSS1) and PE (PSS2), and it converts to PE via PSD [34]. Loss-of-
function splicing in transcription step of Pisd expression as a result of a homozygous mutation in
intron 8 of PISD was causal to the development of Liberfarb syndrome, a multisystem disorder
affecting the eyes, ears, bones, and brains of the patients [35]. More investigation is warranted to
answer further questions regarding this rare genetic neuropathology including the cellular
metabolic defects and potential treatments. Moreover, [158, 159] deficiency in both humans and
mice developed polyneuropathy, hearing loss, ataxia, retinitis pigmentosa, and cataract (PHARC),
an autosomal recessive disorder leading to senso-motor neurons demyelination, retinal dystrophy,
and cerebellar atrophy. ABHD12 is a lysophosphatidylserine (LPS) lipase, hence the systematic
knockdown likely caused disturbances in PS metabolism. Indeed, the knockdown of ABHD16A, a PS
lipase, successfully decreased the elevation of the brain LPS level that is the outcome of ABHD12
knockout [160]. In combination with the deleterious effects from ABHD12 knockdown, a
simultaneous LPCAT3 knockdown exacerbates the dysregulation by disruption of the conversion of
LPS back to PS [159]. Together, the LPCAT3-ABHD12-ABHD16A axis demonstrated the involvement
of PS in PHARC, an early onset multisystem disease.
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4.4.5 Nutritional Treatments/ Supplementation

As there is currently no cure for neurodegenerative diseases, treatments are aimed at preventing
disease progression by reducing further neuronal damage and symptom management. Both
physical and dietary interventions had been developed with various degrees of efficacy; for the
purpose of this review, we will focus mainly on the scope of dietary interventions as a treatment for
neurodegenerative diseases. Notably, as the gut-brain axis (GBA) continues to be shown as an
important factor for brain health, the importance of a high dietary quality gains attention. The GBA
is a pathway for the bidirectional communication between the gastrointestinal (Gl) tract and the
central nervous system, specifically into the cognitive and emotional centres of the brain. This
crosstalk is conducted via several means including the nervous, immune, endocrine, and humoral
pathways [161]. Specifically, the bottom-up communication from the gut to the brain are primarily
done via the neuroimmune and neuroendocrine systems [162]. Substrates that act as transmitters
in these networks comprise of short-chain-fatty-acids (SCFAs), tryptophan metabolites, and
secondary bile acids [163]. Recently, this connection between the Gl tract and the brain had now
been further extended to include influence from the gut microbiota, with dysbiosis as an important
factor in many neurodegenerative diseases. In short, the increase in abundance of opportunistic
gram-negative bacteria in the Gl tract is a common phenomenon across multiple neurodegenerative
diseases such as AD and PD. This topic had been reviewed in detail by Gentile et al., with an effort
to draw a clear connection between AD, PD, and ALS and the GBA and consequential dietary
implications [163]. Therefore, dietary interventions that promote a healthy Gl tract and gut
microbiota is directly beneficial in prevention of neurodegenerative diseases.

Bioactive substances such as PUFAs and antioxidants also showed beneficial impacts when
supplemented in both animal and human models with neurodegenerative diseases [163-165]. As
dietary interventions are a sustainable way to yield significant results in the prevention of
neurodegenerative disease progression, it is thus important to discuss the supplementation with
nutraceutical substances as a treatment.

A popular treatment for neurodegenerative diseases are omega-3 PUFA supplementations,
specifically of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [163, 166]. These are
long chain fatty acids containing numerous unsaturated bonds, with the first double bond at the n-
3 position from the terminal methyl group, hence the name n-3 PUFAs [167]. These fatty acids are
incorporate into the sn-2 position of PLs and increase membrane fluidity. Commonly believed to be
present in high concentration in the brain, omega-3 PUFAs have recently been shown to be
expressed at a moderate amount in the brain compared to in other tissues [63]. However, a
decreased level of n-3 PUFAs in the brain is highly associated with numerous neurodegenerative
diseases [168]. Supplementations with n-3 PUFAs had shown promising results as treatments
against major NDs such as PD, AD, HD, ALS, in both human and animal models. Specifically, the
supplementation of n-3 PUFAs had been suggested as a potential treatment for PD for its
antioxidant, anti-inflammatory, cannabinoid-producing, and anti-apoptosis properties [169].
Indeed, n-3 PUFAs had demonstrated antioxidant effects in optic epithelial cells, through the
activation of the nuclear factor erythroid 2-related factor (NRF2) antioxidant pathways [170]. Nrf2
is a master regulator for a series of antioxidant proteins such as the superoxide dismutase (SOD),
the heme oxygenase (HO-1), the glutathione disulfide reductase (GSR), sulfiredoxin (Srx),
thioredoxin (Trx), which participate in the antioxidant defense [171, 172]. Actions of Nrf2 against
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neurodegeneration had also been implicated by the reduced Nrf2 levels in ALS and PD-like mouse
models; this is more detailed reviewed in [171]. Furthermore, post-mortem analysis of the brains of
human ALS patients showed decreased levels of Nrf2 with elevated the Kelch-like ECH-associated
protein 1 (KEAP1) [173]. Therefore, Nrf2 activation could be a potential pathway through which n-
3 PUFAs could exert antioxidant effects. Additionally, EPA supplementation in human SH-SY 5Y and
primary mesencephalic cells showed antioxidant activities via inhibition of NADPH oxidase and COX-
2 [174]; mTOR inhibition by n-3 PUFAs had also been proposed as a novel therapeutic approach for
NDs [165]. As related to oxidative stress, neuroinflammation is also a hallmark of damage in the CNS.
By reducing the oxidative stress in the nervous system, n-3 PUFAs can also provide anti-
inflammatory benefits, specifically via inhibition of pro-inflammatory genes such as COX-2, Nf-kB,
cPLA2 [169]. Moreover, a prolonged n-3 PUFA supplementations could attenuate microglia activity
and reduce TNF-a and IL-1B production which are pro-inflammatory cytokines [169, 175]. As well,
PPARa was up-regulated by n-3 PUFA supplementation in patients with PD which could improve
mitochondrial function [169]. Lastly, n-3 PUFA exhibits anti-apoptotic functions by increasing the
Akt and Bcl-2 activity and subsequent mitophagy [176, 177]. Caspase-3 activity and cytochrome c
release had also shown reduction with DHA and EPA treatment, respectively, in human neuronal
cell models [169].

As lipid metabolic regulation is highly correlated with the health of the CNS, and as an altered
phospholipid profile had been observed in the brains of ND patients, maintaining physiological PL
homeostasis as a therapeutic approach had been a subject of research interest. Notably, choline
supplementation as a mean to promote PC and acetylcholine syntheses had shown beneficial effects
against NDs. Indeed, the neuroprotective actions of choline had been reviewed extensively in the
past, especially pointing to their effects in membrane integrity and cholinergic neuron firing, as well
as their roles as a methyl donor and epigenetic regulator of gene expressions [178, 179]. A life-long
choline supplementation in an AD mouse model had been shown to ameliorate disease progression
by reducing the amyloidogenic splicing of APP and thus decrease the AB load, reduce
neuroinflammation by microglial activity, and downregulate the a7nAch and al receptors [180]. As
well, beneficial outcome was shown in choline treatment in primary mutant fibroblasts from CTL1-
deficient patients experiencing childhood-onset neurodegeneration [7].

In addition to choline, different PLs had also been investigated as treatments for
neurodegeneration. PL containing ether bonds particularly in PE (PE-plasmalogens) are deficient in
PD patients and can be rescued by oral supplementation of PE plasmalogens [181]. PS combined
with ferulic acid and curcumin significantly improved cognitive function in an AD-like mouse model
with a reduced AP load, reduced neuroinflammation and an increased acetylcholine level [182].
Lastly, PL lipid vesicle for drug-delivery across the blood-brain barrier (BBB) are also a form of lipid
molecule for increased n-3 PUFA brain availability [183]. PS is used to construct nanoliposomes
enclosing metformin, a drug commonly used to treat type Il diabetes but also showed inhibitory
effects against AB and tau protein productions [136]. Moreover, artificial unilamellar vesicles
composed of anionic PLs had been shown to reduce AP fibrillation in vitro, evidencing the
significance of lipid composition in AB fibril formation and interactions with the plasma membrane
[184]. In terms of n-3 PUFA dietary enrichment, PL-containing krill oil can provide neuroprotective
effects due to its high n-3 PUFA content delivered in the form of PLs by attaching to the sn-2
positions [185].
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As discussed in previous chapters, PL homeostasis is critical for the maintenance of proper brain
functions through processes including autophagy, mitochondrial functions, and oxidative stress.
Therefore, therapeutic approaches to strengthen the regulation of PL homeostasis is yet another
angle to combat neurodegeneration. Current understanding of PL supplementation as a treatment
for NDs is largely limited to the structural role of PL in cell membranes or as a vessel for drug
transportation. However, it is within the functions of PL in maintaining cell membrane integrity can
we draw a connection between the protective role of PL supplementation in both metabolic
syndromes and NDs. Namely, mitochondrial dysfunction is a common occurrence for all NDs, and it
is one of the main pathways through which PL supplementation can ameliorate disease progression.
For instance, hypermetabolism is present in 50% of ALS patients as a result of mitochondrial
dysfunction due to oxidative damage in motor neurons and skeletal muscles; although optimizing
carbohydrate utilization is the more direct therapeutic target for ALS, administration of PLs is
complimentary in rescuing mitochondrial integrity [186]. Furthermore, lipid supplementations with
PLs and plasmalogen had both demonstrated beneficial effects in ameliorating AD and PD
symptoms [157, 181]. Dietary supplementation with food-derived PLs in Lipid Replacement Therapy
(LRT) had been implicated as a way to treat a large array of chronic diseases including NDs,
specifically targeting mitochondrial dysfunction especially when administrated with a cocktail of L-
carnitine, a-lipoic acid (ALA), coenzyme-Q10, reduced nicotinamide adenine dinucleotide (NADH)
[187, 188]. Indeed, it was demonstrated that the metabolic fate of orally consumed diacyl-PLs is
largely through the enzymatic breakdown of diacyl-PLs to monoacyl-PLs, leading to the uptake by
enterocytes via passive diffusion [189]. Although, there exists other transport systems such as
pinocytosis or the direct insertion of individual PLs into the outer lipid bilayer [188]. The
incorporation of orally ingested PLs into tissues had been shown in rats to be near 100%, deeming
oral administration an efficient way of PL supplementation [188]. On the other hand, mitochondrial
CL had been shown as a binding site for a-syn in the development of PD, warranting it a target for
therapeutic approaches [190]. The use of drugs such as elamipretide which can selectively bind to
CL had been demonstrated for its effects in preventing the formation of the complex cyt c-CL [191].

Several vitamins, especially lipid soluble vitamin E, had also undergone investigation for their
neuroprotective effects. Vitamin E is a strong antioxidant with positive neuroprotective activities.
Vitamin E could restore corticostriatal synaptic plasticity via rescue of mitochondrial functions in
PINK1 knockout mice as a PD model [192]. As well, in aged DNA-repair deficient mice, administration
of a high level of vitamin E reduced p53-positive apoptotic cells [164]. The synergic effect of vitamin
E and PUFAs is evident, as vitamin E can protect PL-bound PUFAs from oxidative damage, which in
turn helps maintain membrane integrity [193]. In animal models with TBI-related dementia, vitamin
E supplementation showed some beneficial effects although more in-depth studies are needed for
conclusive results [193]. In particular, quantification of an adequate dosage of vitamin E as a
treatment for TBl-related dementia needs further research. Additionally, new evidence had
suggested a new view on the neuroprotective effects of vitamin E, broadening its bioactivity from
simply antioxidant to modulating of lipid metabolism by gene expression regulation. Specifically,
vitamin E seems to have a brain-specific metabolism in that, it undergoes less autooxidation in the
brain [194]. The natural metabolite of vitamin E, a-tocopheryl (a-T), had been demonstrated to
influence the lipid free radical flux by formation of the more stable radical, a-TO®*, and the
downstream regeneration of a-TOH [195]. Moreover, another endogenous metabolite of vitamin E,
the alpha-tocopheryl hydroquinone (a-TQ), was recently shown to be an even more potent
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ferroptosis inhibitor via the inhibition of 15-lipoxygenase, which could have neuroprotective
benefits by preventing neuronal cell death [196]. Lastly, it had been demonstrated that the a-T
metabolite of vitamin E could bind to lipoxygenases and phospholipase A2 (PLA2) in a competitive
manner against PUFAs and PLs, respectively, that can inhibit the peroxidation and oxidation of the
lipids [197]. In the context of PL lipidomics, the regulation of PLA2 activity by vitamin E can be a
modulator of the PL composition in the brain which was implicated in many NDs [198]. Altogether,
the molecular activities of vitamin E and its derivatives in the brain in reducing oxidative stress
renders it a major participant in combating neuroinflammation [194, 199]. Translating the molecular
activities of vitamin E into in vivo animal studies, a recent study demonstrated another vitamin E
metabolite, garcinoic acid (GA), was effective in preventing B-amyloid deposition in the mouse brain
[200]. Therefore, it is also worth noting that, vitamin E metabolites instead of the parent form, also
exhibit neuroprotective activities.

4.4.6 Conclusion

Previously thought as a family of strictly protein-induced diseases, the development of NDs in
fact involves a complex series of dysfunction in multiple cellular pathways. PLs are the fundamental
building blocks for the plasma and organelle membranes, and their participation in cellular
pathways is imperative for the cell’s survival. Due to the intricate network of PL synthesis and
interconversion, disruption of a homeostatic level of tissue-specific PL species ratios yields
detrimental outcomes. As strong associations are drawn between brain and even whole-body PL
levels and ND development, the negatively causative effects of PL dysregulation are being revealed.
Cellular processes such as mitochondrial respiration, autophagy, oxidative stress management all
require PLs to proceed, and the dysfunction of them can result in neuronal cell death. With the rise
of newer omics technologies, genes and proteins in PL metabolism that are associated with NDs are
being discovered at a rate faster than ever before. It is thus important to identify more PL metabolic
genes in relation to NDs and thus warrants further studies.
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