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Phosphatidylethanolamine is the major inner-membrane lipid in the plasma and mitochondrial membranes. It is synthesized in the endoplasmic reticulum from ethanolamine and diacylglycerol (DAG) by the CDP-ethanolamine pathway and from phosphatidylserine by decarboxylation in the mitochondria. Recently, multiple genetic disorders that impact these pathways have been identified, including hereditary spastic paraplegia 81 and 82, Liberfarb syndrome, and a new type of childhood-onset neurodegeneration-CONATOC. Individuals with these diseases suffer from multisystem disorders mainly affecting neuronal function. This indicates the importance of maintaining proper phospholipid homeostasis when major biosynthetic pathways are impaired. This study summarizes the current knowledge of phosphatidylethanolamine metabolism in order to identify areas of future research that might lead to the development of treatment options.
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Introduction

Phosphatidylethanolamine (PE) makes up 15–25% of the total lipids in the cell and plays a particularly important role in the inner leaflet of the plasma and mitochondrial membranes (1). It is composed of a glycerol backbone, linked to two fatty acid chains and a phosphoethanolamine head group. It is cone shaped and prefers a non-bilayer structure, thus inducing negative curvature when incorporated in cell membranes (2). The shape of PE also allows it to organize into the hexagonal phase, which contributes to the processes of cell fusion and fission (2, 3). The negative curvature that PE induces is also important for the maintenance of cristae in the inner mitochondrial membrane (IMM) (4). The cristae are important as they increase surface area and maximize ATP production (4).

There are two main pathways of PE synthesis in eukaryotic cells. In the endoplasmic reticulum (ER), PE is made by the CDP-ethanolamine (Kennedy) pathway. This pathway, often referred to as the de novo pathway of PE synthesis, converts exogenous ethanolamine (Etn) to PE through three enzymatic steps (5). In the mitochondria, PE is derived from phosphatidylserine by the decarboxylase (PSD) pathway. This pathway begins with the transport of phosphatidylserine (PS) into the mitochondria, where it is subsequently decarboxylated to form PE (6, 7). Although the CDP-Etn and PSD pathways both produce PE, a dysfunction in either pathway can be pathological (8–11). Dysfunction in the CDP-Etn branch of the Kennedy pathway has recently been linked to hereditary spastic paraplegia (OMIM #618768-Spastic paraplegia 81, autosomal recessive; SPG81 and OMIM#618770-Spastic paraplegia 82, autosomal recessive; SPG82) (8) and childhood-onset neurodegeneration named CONATOC (OMIM #618868—Neurodegeneration, childhood-onset, with ataxia, tremor, optic atrophy and cognitive decline; CONATOC) (9). Additionally, variations in the PISD gene, which codes for the PS decarboxylase enzyme (PSD) have been connected to a novel mitochondrial disease named Liberfarb syndrome (OMIM #618889–Liberfarb syndrome; LIBF) (10, 11). Since the major pathways of PE synthesis are unable to fully compensate for one another, it is critical to understand PE homeostasis and to find alternative methods of increasing PE levels when one pathway is dysfunctional.

Although PE metabolism and biosynthesis are well studied, there is no treatment for individuals who are deficient in PE. This study reviews the current knowledge of PE homeostasis to investigate potential mechanisms of increasing PE levels in the whole cell and mitochondria. The goal is to identify possible treatment options for individuals with genetic disorders that impact their ability to synthesize PE through either of the major pathways.



Pathways of PE synthesis

There are four metabolic pathways that contribute to PE formation in the cell which are represented in Figure 1. The CDP-Etn Kennedy pathway and the PSD pathway are the two major producers of PE. Another pathway of PE production is the acylation of lyso-PE by acyl-CoA transferase enzymes, LPEAT1, LPCAT3, and LPCAT4 (12, 13). In humans, lyso-PE is likely transported into the cell by protein transporters which are not conclusively identified, however, there is evidence that Mfsd2a might be involved (14). In yeast, however, lyso-PE transport is known to be mediated by amino-phospholipid translocases Dnf1p and Dnf2p (12). Lyso-PE is also formed within the cell by hydrolysis of PE from the inner membrane (15). The acylation of lyso-PE takes place in the ER and requires acyl-CoA (12). The PE made in this pathway can access the same cellular compartments as PE made through the CDP-Etn pathway and can also supply PE to the mitochondria (4, 12). The fourth pathway of PE synthesis starts with the head group “base exchange” reactions between phosphatidylcholine (PC), PE and PS in the ER (16, 17). The head group base exchanges in PC (by PS synthase 1/PSS1/PTDSS1) and PE (by PS synthase 2/PSS2/PTDSS2) with serine (Ser) form PS and release free choline (Cho) and Etn. This is the only pathway to produce PS in mammalian cells and some of the newly made PS is transported and further decarboxylated to form PE in the mitochondria.
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FIGURE 1
Summary of PE metabolism. Etn enters the cell by CTL1 or CTL2, where it is converted to PE by the CDP-Etn branch of the Kennedy pathway. First Etn is converted to phosphoethanolamine and then to CDP-Etn by ECT (PCYT2), which is the rate limiting step in this pathway. CDP-Etn is converted to PE by the EPT (SELENOI). Cho is similarly used to produce PC through the CDP-Cho branch of the Kennedy pathway. Once created, PE can be converted to PC by the PEMT enzyme (mostly in the liver), or to PS by PSS2 in the MAM. The PS can be transported to the mitochondria to be decarboxylated and form PE, which is catalyzed by the PISD enzyme. Similarly, PC can be converted to PS by PSS1 in the MAM, then decarboxylated by PISD in the mitochondria to form PE. Lyso-PE can also form PE when it is transported into the cell by the Mfsd2a transporter, the acylated by LPEAT1 in the MAM, or LPCAT2, or LPCAT3 in the cytosol.



The CDP-Etn Kennedy pathway

The CDP-Etn Kennedy pathway is the sole pathway for de novo synthesis of PE. This pathway involves the conversion of Etn and diacylglycerol (DAG) or alkyl-acyl-glycerol (AAG) to PE through three metabolic steps. In the first step, ethanolamine kinase (EK) converts Etn to phosphoethanolamine using ATP, leaving ADP as a by-product. Next, the CTP:phosphoethanolamine cytidyltransferase (ECT) catalyzes the formation of CDP-Etn by combining CTP and phosphoethanolamine and releasing pyrophosphate. This is the rate-limiting, and the most important regulatory step of the pathway (18). The final step is catalyzed by CDP-ethanolamine:1,2-diacylglycerol ethanolamine phosphotransferase (EPT). This enzyme forms PE from CDP-Etn and DAG (or AAG), and leaves cytidine monophosphate (CMP) as a by-product (19).



Genes in the CDP-Etn Kennedy pathway

The genes involved in this pathway have all been identified and characterized. In humans, EK, ECT, and EPT are encoded by the genes ethanolamine kinase 1 and 2 (ETNK1/ETNK2), phosphate cytidylyltransferase 2 (PCYT2), and ethanolamine phosphotransferase 1 (SELENO1) or choline/ethanolamine phosphotransferase 1 (CEPT1) (19). Of these genes, PCYT2 is of particular interest, as it is the sole gene that codes for ECT, which catalyzes the rate-limiting step in this pathway (18). This indicates that variations in PCYT2 expression and activity can lead to specific dysfunction in the Kennedy pathway. Additionally, since the CDP-Etn pathway uses Etn as a substrate, the transport of Etn into the cell is also important. Recent studies have identified the choline-transporter-like proteins 1 (CTL1) and 2 (CTL2) as transporters of ethanolamine across the cellular and mitochondrial membranes (20). CTL1 and CTL2 transporters are encoded by the SLC44A1 and SLC44A2 genes.



PE-plasmalogen production by the Kennedy pathway

The unique function of the CDP-Etn pathway is the formation of ether phospholipids known as plasmalogens. The synthesis of plasmalogens begins in the peroxisome, where glycerone phosphate, also known as dihydroxyacetone phosphate, is converted to alkyl-lysophosphatidic acid through a series of enzymatic steps (21–23). In the ER, alkyl-lysophosphatidic acid is converted to alkyl phosphatidic acid then to AAG (1-O-alkyl-2-acyl-sn-glycerol) (21, 24). The same way as DAG, AAG is then incorporated into the CDP-Etn Kennedy pathway (21, 25). Plasmanyl-PE is the precursor for vinyl-ether phospholipids plasmenyl-PE and plasmenyl-PC (26, 27). The Kennedy pathway is the only known producer of CDP-Etn, and the critical contributor to the total production of plasmalogens (28, 29). PE-plasmalogens are known antioxidants that are abundant in tissues with electrical activity, such as the brain, the skeletal muscle, and the heart (28, 30–35). The role of PE-plasmalogens is not completely understood, but a number of studies indicate that they are important for normal cell functions. For example, they might aid in the formation of membrane vesicles, the idea supported by their affinity for creating non-lamellar structures, their abundance in synaptic membranes and involvements in neurotransmitter homeostasis (28, 32, 36, 37). Plasmalogen deficiencies are strongly linked to neurodegeneration, and post-mortem brains of patients with Alzheimer’s disease have decreased levels of PE-plasmalogens (38–41). Additionally, PE-plasmalogens are necessary for the formation of PC-plasmalogens, which are less abundant in the cell but play an important role in cardiac tissue (42, 43). There is evidence that plasmanyl-PC could be created from AAG independently of plasmanyl-PE or CDP-Etn by choline-ethanolamine phosphotransferase CEPT1 (44), however, current evidence indicates that plasmenyl-PE is a necessary precursor for plasmenyl-PC (21, 27). Thus, the production of CDP-Etn through the Kennedy pathway is a key regulator of plasmalogen homeostasis. Interestingly, when PE-plasmalogens are reduced, levels of PE increase so that the total amount of Etn phospholipids remains constant (45). This was demonstrated in fibroblasts from patients with Rhizomelic chondrodysplasia punctata, a peroxisomal disorder with severe plasmalogen deficiency (45). This indicates that when AAG is deficient the CDP-Etn pathway utilizes more DAG and might become upregulated when levels of plasmalogens are reduced.



The PS decarboxylation pathway

PE synthesis in the mitochondria occurs by decarboxylation of PS (6). PS originates from PE or PC and is produced in the ER by PSS1 and PSS2 base-exchange reactions, primarily in regions that are in contact with the mitochondria, known as the mitochondria-associated membrane (MAM) (17, 46). The close physical contact between the MAM and mitochondria mediates the transport of PS into the mitochondria (1, 47, 48). Decreased ER-mitochondrial tethering decreases the PS transport into the mitochondria (49). This process is ATP-dependent, and ATP depletion in intact cells led to a decrease in PSD-regulated conversion of PS to PE (50). It is generally accepted that the transport of PS into the mitochondria is the rate-limiting step in this pathway, however, this has only been demonstrated in radiolabeling studies (51, 52). Once PS is in the mitochondria, it is converted to PE by the PSD enzyme which is encoded by the PISD gene. This is the only known gene that produces a PSD enzyme in mammals, and it is localized on the external side of the mitochondrial membrane (7). In yeast, however, there are two known forms of PS decarboxylases, PSD1 in the mitochondria and PSD2 in endosomes (53–55). PSD1 is the major producer of PE in the mitochondria, while PSD2 only contributes slightly to PE production in yeast cells (56). As such, it is possible that a second, less active PS decarboxylase that resides outside of the mitochondria could be identified in mammals as well.



Relative contributions of CDP-Etn and PSD pathways

Since PE and PC are both consumed for PS synthesis and PS is consumed only for PE synthesis it remains unclear whether the CDP-Etn pathway or PSD pathway contributes more to PE production in the cell. Radiolabeling experiments in various cell lines indicate that the relative importance of each pathway might depend on the cell type, the substrate (Ser and Etn) availability, and the catalytic activity of PSD and ECT (57–59). A study in human HeLa cells showed that when the concentrations of Etn and Ser were high, 70% of PE was produced by the CDP-Eth pathway (57). At low concentrations of Etn and Ser, the CDP-Etn pathway had an even bigger role and synthesized 100-fold more PE than the PSD pathway, but at physiological concentrations of Etn and Ser, the two pathways had nearly equal contributions to PE production (57). In isolated rat hepatocytes the CDP-Etn pathway also contributed more to PE synthesis than the PSD pathway (58). On the contrary, in baby hamster kidney cells, most of PE appeared to be derived from PS in the mitochondria, and Etn did not effect PSD activity (59). These conflicting results indicate that the activity of the two PE pathways might differ depending on the organism, tissue and cell type. The variabilities in the experimental conditions should also be considered since in some of those radiolabeling experiments the lipid pools sizes were not determined (57–59). Some studies indicate that pool sizes cannot be treated as fixed parameters for metabolic flux experiments, rather they need to be measured in order to accurately estimate reaction rates (60, 61), but this idea is controversial (62). Another approach to study the importance of each pathway was possible through a targeted deletion of PISD and PCYT2 genes. This was performed in various models and there is evidence that the two pathways partially compensate for one another (63–65). Pisd mice showed no significant difference in tissue levels of PE, PC, or PS when compared to wild-type littermates, but had a higher expression of ECT protein, suggesting that the CDP-Etn pathway was upregulated in Pisd–/– heterozygotes (63). On the other hand, a complete hepatic deletion of Pcyt2, upregulated Pisd expression but that only partially compensated for the lack of the CDP-Etn pathway, because there was still a 50% reduction in PE levels (64). This was also the case in a muscle specific Pcyt2 knockout mice (65). Altogether, the cell culture and animal models showed that the production of PE through the CDP-Etn pathway in the ER and PSD pathways in the mitochondria are interrelated and dependent on various extrinsic and intrinsic factors; their relative contributions to total PE is a dynamic process determined by additional conditions such as substrate levels and phospholipid transport from ER and mitochondria.



Transport of PE between the mitochondria and ER

While a large portion of PE that is created by the PSD pathway remains in the mitochondria, particularly in the IMM, some PE is also transported out of the mitochondria to the ER (57). PE movement from the mitochondria to the ER decreases in situations when the total PE increases, indicating an ability for the transport mechanism to respond to fluctuations in PE levels (57). Therefore, it would be beneficial to establish whether the mitochondrial export of PE can be increased to compensate for de novo PE production in the ER, when the CDP-Etn pathway is dysfunctional. The mitochondrial PE synthesis and transport from the mitochondria to ER cannot, however, completely replace the need for the CDP-Etn pathway, as the knockout of Pcyt2 is embryonically lethal in mice (66). Similarly, the CDP-Etn pathway is not fully capable of restoring mitochondrial PE in cases of complete PSD deficiency (63). Mutations in the PSD1 and PSD2 genes result in a yeast strain that is auxotrophic for Etn, indicating that the strain had an ability to transport PE into the mitochondria (12). However, the treatment with Etn did not restore mitochondrial PE to wild-type levels, indicating an incomplete ability for the CDP-Etn pathway to compensate for a complete deficiency in the PSD pathway (12). Similarly, mitochondrial PE in hamster ovary cells was almost entirely created by PS decarboxylation and transport of PE from the ER to the mitochondria was negligible, even when the PSD pathway was deficient (67). However, in human HeLa cells, a significant amount of PE produced by the CDP-Etn pathway was detected in the mitochondria, when ∼ 25% of mitochondrial PE was produced by the CDP-Etn pathway (57). Most investigations indicate that the CDP-Etn pathway does provide enough PE to the mitochondria to support normal function and morphology (67, 68). However, further animal and cellular studies are needed that will also take into consideration how the CDP-Eth and CDP-Cho pathways contribute to the synthesis and transport of PS from ER to the mitochondria.



Comparison of PE molecular species made by each pathway

The nature of phospholipids is that they significantly vary structurally, based on the composition of their fatty acid sidechains. PE is no different, which is why it is beneficial to investigate differences in PE species formed by the Kennedy and PSD pathways. In a study that compared PE species in the whole cell, mitochondria, and microsomes (ER), the results showed that (16:0–18:1)PE, (18:0–18:2/18:1–18:1)PE, and (18:1–20:1)PE were 1.5–3 times more abundant in the ER than in the mitochondria (69). In the mitochondria, however, a greater percentage of PE had poly-unsaturated fatty acids (PUFAs) in the sn-2 position, with the most common species being (16:0–20:4)PE, (16:0–20:5)PE, (18:0–20:3)PE, (18:0–22:6)PE, and (18:1–20:5)PE. PE species made by the Kennedy pathway equilibrate between the ER and mitochondria, whereas the PE produced in the PSD pathway are mostly retained in the mitochondria. Thus, it can be assumed that the PSD pathway preferentially produces PE species with PUFAs in the sn-2 position, while the Kennedy pathway produces PE with mono- and di-unsaturated fatty acids in the sn-2 position. Considering PSS1 and PSS2 “base exchange” reactions, the only pathways to make PS later used by PSD, it is likely that PSS1 and PSS2 have preference for PC and PE species that contain PUFAs in the sn-2 position. This is consistent with studies with PSS2, as PSS2 showed a strong preference for PE containing docosahexaenoic acid (22:6), and some affinity for PE containing 18:1 and 20:4 in the sn-2 position (70). In the sn-1 position, PE normally contains mono-unsaturated fatty acids or saturated fatty acids regardless of which pathway it was produced by (70). A recent study in mice identified that the TLCD1/2 proteins could promote the incorporation of mono-unsaturated fatty acids at the sn-1 position and play a selective role in phospholipid transport between the ER and mitochondria (71).




PE metabolism

Once created, PE has a variety of fates, some of which are summarized in Figure 1. It is mostly incorporated into cellular membranes, but it can also be remodeled and transported to other intracellular compartments or used as a source of fatty acids and DAG for the synthesis of other phospholipids (cardiolipin and phosphatidyl inositol) and glycerolipids (triglycerides, DAG, and monoglycerides) (72). Most significantly, PE is used to synthesize PC and PS, which together with PE are essential for the formation of membrane bilayers in all cells (73–77).


PE conversion to PC

PC is the most abundant phospholipid in cell membranes (1, 78). The primary route of PC synthesis in mammals is by the CDP-Cho branch of the Kennedy pathway (78, 79). PE can also be methylated and converted into PC, but this pathway is only substantial in the liver where it makes up ∼30% of PC production (73). This reaction is catalyzed by phosphatidylethanolamine N-methyltransferase (PEMT), an enzyme that is found in the membrane of the ER and MAM and is most expressed in liver cells (74). This process helps to maintain levels of PC in hepatic membranes when dietary Cho is reduced, which is important for the maintenance of liver health, as an improper balance of PC:PE is linked to liver disease (75). Thus, PE serves an important role as a precursor for PC synthesis in the liver.



PE conversion to PS

PS is another membrane phospholipid that is less abundant than PC or PE, as it makes up only 5–10% of the membrane phospholipids (76). However, despite its low concentration, it has important physiological functions which are due in part to its unique structure. PS has a negatively charged headgroup, which allows it to interact with different proteins than the other membrane phospholipids, and also plays a role in apoptosis (77). In mammals, PS is exclusively formed by PSS1 and PSS2 (base exchange reactions) using PC and PE phospholipids as substrates. PSS1 preferably uses PC whereas PSS2 uses PE (80–83). It is unclear whether PSS1 or PSS2 contributes more to PS production. In human HeLa cells, the knock-down of PTDSS1 reduced PS synthesis by only 10%, while PTDSS2 knock-down had no impact (57). In mice, both Ptdss1 and Ptdss2 have large roles in PS production because Ptdss1–/– and Ptdss2–/– mice both have significant reductions in serine exchange (84, 85). In Ptdss2–/– mice serine exchange was decreased by 90–95%, however, the overall phospholipid content was not altered (85). Interestingly, Cho exchange was increased which indicates that Ptdss1 activity might have increased to make up for the lack of PS being produced by the Ptdss2 deficiency (85). However, there was no increase in Ptdss1 mRNA expression in response to Ptdss2 deficiency, which indicates that some other mechanism could have been responsible for maintaining the phospholipid levels, such as a reduction in PS degradation (85). Similarly, in Ptdss1–/– mice total serine exchange activity was reduced by 85% and PS levels were unaffected in all tissues except the liver (84). It would also be important to investigate whether the conversion of PS to PE through the PSD pathway is reduced in Ptdss1/2–/– mice, as this could potentially further explain how is PS maintained when its synthesis by Ptdss1/2 is reduced.




PE functions in the cell


PE and membrane fusion/fission

Numerous studies have confirmed that PE is an essential component in membrane fusion/fission events, such as cell division (86–90). While the phospholipid is normally present on the inner membrane of cells, during the late telophase of cytokinesis, PE is more concentrated on the outer membrane at the cleavage furrow (86). Furthermore, if PE is retained on the cell surface, cytokinesis is halted, indicating that the reintegration of PE in the inner leaflet of the membrane is required to complete the process of cell division (87). This is likely due to the negative curvature that PE induces (2). When PE is in the inner membrane, the cell maintains its rounded shape, however, when PE moves to the outer membrane, the plasma membrane bends in on itself, which is a critical step for cleavage. PE has also been connected to membrane fusion (87). One study compared how different distributions of PE in the plasma membrane impacted fusion of neuroendocrine dense core vesicles and found that fusion was most efficient when PE was present in the leaflet that faced the dense core vesicle (88). When PE was absent from both sides of the membrane, the fusion pore was observed to be much less stable, which impacted the speed at which the dense core vesicles could release their contents into the cell (88). Further evidence supporting the importance of PE in membrane fusion and fission is its increased presence in synaptosomal membranes (89–92). Data was compiled from three independent studies, which demonstrated that in synaptic vesicles, PE concentration is relatively equal to PC, as PC was found to comprise 17, 32, and 25% of total lipids, while PE was shown to make up 20% of total lipids in all three studies (89–92). This indicates that PE is elevated in synaptic vesicles, because normally PC makes up 45–55% of the total phospholipids in cellular membranes while PE makes up only 15–25% (1). It should be noted that the synaptosomal PC and PE content was taken as a percentage of all lipids, not just phospholipids (89), which is why the percentages are lower. Since synaptosomes undergo frequent membrane fusion and fission, the elevated levels of PE in synaptic vesicles might indicate its contribution to those processes. To add further, our recent study demonstrated that neuronal pathways were epigenetically targeted under conditions of reduced PE synthesis by the CDP-Etn pathway (93). This was demonstrated in Pcyt2+/– mice, which had alterations in various neuronal pathways, including the dopamine receptor signaling pathway. These changes were reversed by supplementation with phosphoethanolamine, indicating that PE plays a critical role in the dopamine signaling in neural tissues.



PE and the mitochondrial respiration

When compared to the whole cell, mitochondria are more abundant in PE as it accounts for approximately 30% of their total membrane phospholipids (1). It is even more concentrated in the IMM, where it makes up 35–40% of total phospholipids (1). Note: these quantities were derived by averaging data from several sources, which were not explicitly listed in the review (1). However, it is generally accepted that PE has an increased concentration in the mitochondria when compared to the whole cell, which indicates that PE has an important role in mitochondrial function and morphology (94). This was demonstrated in a study that tested the impact of decreased mitochondrial PE in mammalian cells by disrupting the PSD pathway (4). The resulting PE deficient cells had decreased respiratory capacity and ATP production, as well as increased mitochondrial fragmentation (4). Additionally, studies in Pisd knockout mice indicated that PE is critical to mitochondrial function. Pisd–/– mice were embryonically lethal, indicating that mitochondrial PE is a requirement for life (63). Although PE content in the mitochondria of Pisd–/– mice was not measured, the mitochondrial PE was likely reduced, which disrupted mitochondrial morphology and respiratory function (63). Interestingly, Pisd+/– mice had no significant decrease in mitochondrial PE when compared to wild-type mice, which helps explain why these mice were viable and had no observable differences in mitochondrial morphology or function (63).

There are numerous ways in which mitochondrial PE impacts respiration, the most obvious being its induction of negative curvature in the IMM (1, 2). This increases the surface area of the membrane, thus providing more space for the electron transport chain proteins to bind. As the number of these proteins increases, so does the mitochondria’s ability to use oxygen to create ATP (95). Additionally, decreased PE in yeast mitochondria leads to the reduced function of cytochrome c oxidase (96). Cytochrome c oxidase is one of the proton-pumping complexes, which is necessary for the development of the membrane potential that drives oxidative phosphorylation, therefore mitochondrial PE is important for cellular respiration. This is further supported by a more recent study, which demonstrated that psd1Δpsd2Δ yeast have significantly decreased function in complexes III and IV of the electron transport chain (97). Complex IV function was rescued by treatment with Etn, while complex III function was not, which indicates that in yeast, complex III relies on PE that is produced in the IMM. Finally, in mammalian cells, a decrease in mitochondrial PE disrupted the formation of complex IV (4), which facilitates the fourth step in the electron transport chain. Although cardiolipin is the primary phospholipid responsible for stabilizing these complexes in mammalian cells, there is evidence that PE has a similar role and can partially compensate for decreased cardiolipin (98–100).

Another way that mitochondrial PE might impact respiration is through its interaction with the translocase of the outer membrane (TOM) complex. The TOM complex is responsible for transporting nuclear proteins into the mitochondria, and PE deficiency has been associated with a decrease in TOM complex activity (101). In particular, PE deficient mitochondria had an impaired ability to import β -barrel proteins that reside in the outer mitochondrial membrane, such as porin (101). Studies in yeast demonstrated that a complete lack of porin resulted in a total loss of respiration (102), and more recent studies have linked porin to the import of metabolite carrier proteins into the IMM (103). Taken together, these results indicate that a lack of PE in the mitochondrial membrane might decrease the function of TOM, thus reducing the presence of porin in the OMM, which negatively impacts respiration through the decrease of mitochondrial carrier proteins. However, more studies will be needed to confirm this relationship.



PE and the mitochondrial membrane fission and fusion

Mitochondria are dynamic organelles that form networks by fusing together and dividing. This ability is important to the metabolic health of the cell, and dysfunction in the fusion/fission machinery has been associated with neurodegenerative disease (104). Numerous studies report the impacts of PE on mitochondrial membrane morphology, with similar observations in fungi, protists, and mammals (96, 105, 106), indicating a relatively conserved role. Overall, when mitochondrial PE is reduced, it results in fragmentation of the mitochondria (fission). This has been observed in embryonic cells from Pisd–/– mice, which had misshapen and fragmented mitochondria (63). Additionally, cells with reduced mitochondrial PE from reductions in Pisd or Ptdss2 had significant levels of mitochondrial fragmentation (4). However, the specific mechanism by which PE deficiency causes fragmentation is not well-studied. One possibility is that PE influences the processing of proteins involved in membrane fusion, however, this has not been explicitly studied in mammals. We do know that long and short isoforms of human OPA1, a protein that is essential for mitochondrial fusion (107, 108) need to be co-expressed and cooperate to mediate fusion (109). In yeast, the OPA1 ortholog is Mgm1p, and its short and long isoforms must also be balanced to facilitate fusion (110). Studies have shown a connection between PE and Mgm1p processing, because psd1Δ yeast had decreased short isoforms and increased fragmentation of the mitochondria (111). This suggests that PE induces the production of the short isoform and thus influences mitochondrial fusion through this route (111). Regardless of the mechanism, the numerous associations between PE deficiency and mitochondrial fragmentation make it clear that PE is involved in the regulation of mitochondrial integrity (63, 96, 105, 106, 111).



Autophagy/Mitophagy

PE is involved in autophagy, the process where cells break down damaged components and recycle the material, along with mitophagy, which is when autophagy is targeted to the mitochondria. The impact of PE on autophagy has been demonstrated in yeast, where strains with an upregulation of Psd1 had greater autophagic capacity, whereas yeast with Psd1 and Psd2 knock-outs had decreased lifespan (112). Additionally, Etn administration to mammalian cells resulted in increased PE and thus an increased autophagic flux (112). This link between PE and autophagy is likely due to its interactions with the autophagy-related protein 8 (Atg8) protein family. In particular, PE is the anchor for the microtubule-associated protein 1A/1B-light chain 3 (LC3), which is necessary for the formation of the autophagosome (113–115). PE becomes conjugated to cytosolic LC3-I to form membrane-bound LC3-II, which initiates autophagosome elongation (115, 116). Mitophagy also relies on this system, however, the autophagosome is specifically targeted to the mitochondria via receptor-dependent or ubiquitin-dependent pathways (117). One study showed that the Atg8 proteins are not required for initiating autophagosome biogenesis or targeting the mitochondria for degradation, however, they are required for proper autophagosome-lysosome fusion (118). This indicates that PE, through its interactions with the Atg8 proteins, is critical for both autophagy and mitophagy.



Ferroptosis

Ferroptosis is the iron-dependent programmed cell death that plays a role in various diseases, such as cancer, stroke, and neurodegenerative disease (119–123). It is induced by an accumulation of reactive oxygen species which are produced through lipid peroxidation of PUFAs in cellular membranes (120). Although ferroptosis was shown to damage most phospholipid species in the cell membrane, PE species containing arachidonic acid and adrenic acid were identified as crucial regulators of ferroptosis (124). Additionally, oxidized PE, specifically 1-steaoryl-2-15-HpETE-sn-glycero-3-PE (SAPE-OOH), has been shown to provide the “eat-me” signal on ferroptotic cells, which interacts with the TLR2 receptor in macrophages to trigger phagocytosis (125). PE plasmalogens have also been identified as regulators of ferroptosis, as one study indicated that PUFA-containing plasmalogens are decreased in carcinoma cells, which are resistant to ferroptosis (126). These results indicate that PE and PE plasmalogens within the cell membrane play a role in the initiation of ferroptosis, as they are crucial targets for lipid peroxidation.



PE and insulin signaling

It is thought that PE might be involved in insulin signaling, likely by modulating the fluidity of cell membranes. Insulin has been shown to influence cell membrane fluidity, which maximizes glucose transport (127, 128), and one way that the cell membrane fluidity can be increased is through decreasing PE (129). This relationship likely involves PC as well because a decrease in the ratio of PC:PE has been shown to increase insulin signaling (130). Additionally, Drosophila with Pect deficiency (the analog of PCYT2), develop insulin resistance and have a disrupted hunger response (131). This impact of PE on insulin signaling has also been demonstrated by our studies on Pcyt2 knockout mice. Pcyt2–/– mice are embryonically lethal, however, Pcyt2+/– mice have accumulated DAG and triglycerides and demonstrate impaired glucose and insulin tolerance (132). Our subsequent studies established that the Pcyt2+/– mouse is a model for non-alcoholic steatohepatitis (NASH) and insulin resistance, and that supplementation with phosphoethanolamine helps to reverse NASH symptoms (133). Our studies on muscle tissue in these mice indicate that Pcyt2 deficiency significantly impacted the expression of the insulin receptor substrate 1 (IRS-1) protein, but supplementation with Cho helped restore this protein to control levels (134). It is likely that Cho supplementation helps to restore fatty acid and triglyceride homeostasis in muscle tissue, which then improves insulin signaling when PE biosynthesis is reduced (135). Altogether, these results demonstrate that PE homeostasis might influence insulin signaling in some way, either by modulating the cell membrane properties, or through its impacts on lipid metabolism.




PE and neurological disorders

Membrane phospholipid homeostasis is important for the proper functioning of the cell. Thus, deficiencies in any of the biosynthetic pathways can be pathological (78). Over the past decade, deficiencies in the major PE-producing pathways have been linked to various diseases. In fact, a complete loss of either of the major PE-producing pathways has been shown to be embryonically lethal in mice (63, 90), which indicates that even a slight disruption in either pathway could result in negative health outcomes. This has been confirmed by the recent identification of neurological disorders that result from mutations in the genes involved in PE synthesis, including hereditary spastic paraplegia, childhood-onset neurodegeneration, and intellectual disability (8–11, 25, 135, 136–139). The influence of each disorder on PE homeostasis is summarized in Table 1.


TABLE 1    Summary of known neurodegenerative genetic disorders that impact PE homeostasis by downregulating a major biosynthetic pathway.
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Hereditary spastic paraplegia in subjects with genetic variations in CDP-Etn pathway

Hereditary spastic paraplegia is a group of disorders with common features of progressive weakness and spasticity. Recent studies have identified that mutations in genes coding for enzymes in the CDP-Etn pathway can result in spastic paraplegia. The first such disease that was identified is named spastic paraplegia-81 (OMIM #618768) and is the result of a mutation in the SELENOI gene which codes for the EPT enzyme (135). Studies on patient fibroblasts showed decreased levels of PE species, namely PE with PUFAs were reduced, along with most plasmenyl-PE (25). Plasmanyl-PC was increased in both patient cells and SELENOI-KO HeLa cells, which is likely due to the decrease in conversion of AAG to plasmanyl-PE, leaving more substrate for CEPT1 to produce plasmanyl-PC (21). These studies indicate that PE ether lipid homeostasis has a significant impact on neurodevelopment.

In another recent study (8), fibroblasts from individuals with biallelic variants in PCYT2 were analyzed. The individuals all presented with mild to severe developmental delay, epilepsy, and progressive para- or tetraparesis, named spastic paraplegia-82 (OMIM #618770). Lipid analysis showed decreased levels of PC, PE, lyso-PE, and the PE plasmalogens, while levels of PC plasmalogens were increased. Additionally, since the Kennedy pathway uses DAG, this molecule and its ether lipid accumulated, which resulted in increased synthesis of triglyceride ether lipids. This indicates that plasmalogen metabolism is significantly affected by PCYT2 deficiencies, which is not surprising considering that CDP-Etn is required for the formation of PE plasmalogens. There was some evidence that the PSD pathway can also synthesize PE plasmalogens when the CDP-Etn Kennedy pathway is deficient, by the PTDSS1 mediated conversion of plasmenyl-PC to plasmenyl-PS, followed by decarboxylation to form plasmenyl-PE. However, since most PC and PS ether lipids can only be produced from PE ether lipids, with the exception of plasmanyl-PC (25, 28), patients with biallelic PCYT2 variants must have some ECT activity to account for the presence of plasmalogens (8). Overall, these secondary changes in phospholipid metabolism resulted in a progressive gray-matter disorder, with little to no functional issues in other tissues, showing the importance of PE for neurons and the demand for ether phospholipids in the brain. Therefore, the imbalance of membrane lipids is likely what causes the neurodegeneration, either by reducing neuronal function, or by the neurotoxicity of lipid accumulation.

In patients with either SELENOI or PCYT2 variants, fibroblasts analysis showed decreased levels of PUFA-containing PE (8, 25), which is surprising considering that the PSD pathway produces PE with more PUFA species in the sn-2 position (69). Further investigation into how functional the SELENOI and PCYT2 variants are in these patients would be helpful in explaining this result and would elucidate the extent to which the PSD pathway compensates for the lack of PE being produced through the CDP-Etn Kennedy pathway. The researchers studying PCYT2 deficiency suggested that treatment with Cho or Ser could supplement alternative pathways (i.e., CDP-Cho production of PC, base exchange of PC to form PS, and subsequent production of PE through PSD) and help restore the membrane phospholipid balance (8). It would be necessary to study Cho and Ser supplementation to gain insight into whether an increased availability of either nutrient would impact phospholipid levels. Even if Ser and Cho supplementation can improve phospholipid balance, it is unlikely that it would restore ether lipids since plasmenyl-PC and -PS can only be produced from PE ether lipids; PE ether lipids are only produced de novo by the CDP-Etn Kennedy pathway, which is impaired in the patients. Therefore, a supplementation with PE ether lipids is a must in patients with PCYT2 and SELENOI mutant variants.



Childhood-onset neurodegenerative disease in patients with SLC44A1 variants

Our recent study identified a novel childhood-onset neurodegenerative disease named by OMIM as CONATOC (OMIM #618868) that is caused by Choline-transporter like protein 1 (CTL1) deficiency (9). Four individuals with neurogenerative disease were found to have homozygous mutations in the SLC44A1 gene encoding CTL1. The SLC44A1 variants identified are c.1549del, p.Asp517Metfs*19, c.377_380del, p.Ser126Metfs*8, and a 29 kb deletion (including exome 3) resulting in Lys90Metfs*18.

The patients presented with numerous clinical features, including cognitive decline, dysphagia, optic atrophy, progressive ataxia, dysarthria, and incontinence. Since the transport of exogenous Cho is necessary for PC production through the CDP-Cho branch of the Kennedy pathway, it was expected that PC would be diminished in patient fibroblasts, however, it was preserved. The results indicated that PC synthesis could be partially compensated by upregulating alternate biosynthetic pathways. For example, since PC can be created by the methylation of PE, the enzyme that catalyzes this reaction (PEMT) was expressed 25% more in mutant cells. Thus, it is not surprising that this study also found that mutant cells were significantly deficient in PE and PS, and that the CDP-Etn branch of the Kennedy pathway was reduced. The downregulation of the CDP-Etn pathway can be explained by our subsequent study, which showed that CTL1 is also a transporter of Etn (20). We demonstrated that there is a direct link between CTL1 expression and PE synthesis, which further explains the pathology of CTL1 deficiencies. Interestingly, the CTL1 deficient fibroblasts from individuals with CONATOC are able to transport Etn and Cho through an alternate transporter, CTL2 (20). CTL2 was shown to have a decreased affinity for Etn and Cho when compared to CTL1, however, Cho supplementation rescued phospholipids (including PE and PS) and restored mitochondrial morphology. This discovery implies that future work should be done to test whether supplementation with Etn would also help to increase phospholipid levels in these patients.



Intellectual disability in patients with PISD variants

Another neurological disorder, named Liberfarb syndrome (OMIM #618889), has recently been linked to PE as it results from mutations in the PISD gene (10). Two patients with white matter changes, along with other clinical features, were found to have heterozygous variants in the PISD gene—a splicing variant in intron 5 c.697 + 5G > A, p.(?) and a missense variant in exon 8 c.830G > A, p.Arg277Gln. Fibroblasts from these patients had a 50% decrease in synthesis of PE from the PSD pathway, which modified the mitochondrial respiration and morphology. Another study looked at four individuals who shared many neurological features, including microcephaly, intellectual disability, retinal degradation, and sensorineural hearing loss, and found a common deletion mutation of 10 base pairs from the −3 to −12 position in intron 8 of the PISD gene c.904-12_904-3delCTATCACCAC p.(?) (11). All four individuals were homozygous for this rare variant, which is a result of non-random mating. Although the individuals were homozygous for the mutation, the researchers demonstrated that some PISD activity was retained as the variant gene still produces some full-length transcripts, which explains why this genotype is not lethal. Unfortunately, this study did not investigate phospholipid concentrations in these patients but given the results of other studies with reduced PSD pathways, mitochondrial PE might be depleted (10, 12, 138).



Intellectual disability in patients with PTDSS1 variants

Lenz-Majewski syndrome (OMIM #151050) is characterized by a “gain-of-function” mutation in the PTDSS1 gene which produces PS from PC (137). Although this gene is not directly involved in the production of PE, it produces PS which can be used in the PSD pathway. Clinical features of this disease include intellectual disability, osteosclerosis, and craniofacial and distal-limb abnormalities (137). Various missense variants have been identified including c.805C > T resulting in p.Pro269Ser, c.749T > C resulting in p.Leu265Pro, and c.1058A > G resulting in p.Gln353Arg (137). Studies on patient fibroblasts demonstrated that these missense mutations caused a reduction in the enzyme end-product (PS) inhibition (137). Interestingly, there were no significant differences in phospholipid content between the patient and control fibroblasts (137). Considering that PTDSS1 has a direct impact on phospholipid homeostasis the compensatory mechanisms are to be determined in those patients, including lipid alterations in various tissues and specific organelles.




Methods of modifying PE levels

The connection between PE and neurological function is well established, as seen through the neurological disorders that result from dysfunctions in the genes involved in PE biosynthesis. As such, it is beneficial to investigate methods of increasing PE levels in individuals who are affected by these devastating disorders. Unfortunately, there is no known cure for the above-mentioned disorders, however, there have been some investigations into the potential mechanisms for increasing PE.


Compensation from the other major PE biosynthetic pathway

One of the ways of increasing PE production is the upregulation of the alternative biosynthetic pathway not affected by a disease gene. The ability of the Kennedy and PSD pathways to somewhat compensate for one another is documented and discussed in the section about the relative contributions of the pathways (57, 63), however, it is apparent that neither pathway could be fully compensatory. This is demonstrated by the studies done in mice, which showed that complete knockout of either pathway was lethal (63, 66). However, in studies using mice that are heterozygous for mutations in either Pisd or Pcyt2, it was observed that the alternate pathway can help supplement the deficiencies in the other. For example, in Pisd+/– mice, ECT activity was increased by 35–40% (63). In contrast, Pcyt2+/– mice were not shown to have any increased activity in the PSD pathway, yet they maintained regular PE levels due to decreased degradation (66). Although the PSD pathway might not be upregulated during PCYT2 deficiency, there is evidence that mitochondrial PE can be transported into the ER when cellular PE is decreased (57). Additionally, the PSD pathway can synthesize PE plasmalogens when ECT is deficient (8). Together, these results indicate that a targeted upregulation of either pathway might help restore PE to some degree.



Supplementing ethanolamine to upregulate the Kennedy pathway

Etn is a part of the human diet, and it is rich in foods such as lemon grass, daikon radish, caraway, and muscadine grape, according to the FooDB database (140). Since the CDP-Etn pathway relies on exogenous Etn to produce PE, supplementing with Etn might help increase the activity through this pathway when the PSD pathway is deficient. This has been tested in both yeast and humans, and the results are summarized in Table 2. Early studies of Etn supplementation were done on psd1Δ yeast, which had decreased mitochondrial respiration and increased ER stress (141). When this strain was supplemented with Etn, production of PE was increased through the Kennedy pathway, which helped reduce ER stress but did not have an impact on respiration. This indicates that the restorative ability of Etn supplementation has limitations, which might be related to the different species of PE produced in the Kennedy and PSD pathways (69). It is possible that PE with PUFAs in the sn-2 position are required for the proper functioning of the mitochondria, but this has not been investigated directly. Another study looked at whether Etn supplementation could help rescue cells from humans with PISD mutations (136). The individuals in this study had spondylo-epi-metaphyseal dysplasia’s (SEMD), and analysis of their fibroblasts showed fragmentation of the mitochondria. Supplementing patient cells with Etn alone did not produce any noticeable differences in cellular viability. However, when the cells were also treated with MG-132 to induce a stress response, Etn treatments helped increase cell viability, likely by increasing mitochondrial PE and thus reducing apoptosis. There is evidence that mitochondrial fragmentation leads to an overproduction of reactive oxygen species, which can cause cell death (142, 143). Therefore, the fact that Etn supplementation reduced apoptosis when a stress response was triggered suggests that the Etn supplementation may have improved the cells viability by increasing mitochondrial PE, which is associated with mitochondrial integrity (63, 96, 105, 107, 111). However, since PE content in the cell and mitochondria was not directly measured, further study is needed to conclude that Etn supplementation increases PE production through the Kennedy pathway in cells that are deficient in PISD. Etn supplementation might also help to increase PE synthesis in patients with childhood-onset neurodegenerative disease due to mutations in the high-affinity Etn transporter, SLC44A1/CTL1 (9). This is indicated in our recent study (20), which found that the second transporter CTL2 may supply Etn. CTL2 has a low affinity and requires a higher concentration of Etn to effectively transport it into the cell. Thus, if Etn concentration is raised via supplementation, then Etn transported by CTL2 might be sufficient to elevate PE synthesis through the CDP-Etn Kennedy pathway. This would need to be assessed further by treating CTL1 deficient fibroblasts with Etn to see whether it has any impact on PE levels. It is important to note that the impact of Etn supplementation on PE homeostasis has not been studied in vivo in animals or humans, so even though Etn seems to improve the viability of PISD deficient cells, we are a long way from understanding if and how this could be accomplished in patients.


TABLE 2    Summary of studies that investigated the impact of Etn and lyso-Etn supplementation on PL homeostasis.
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Induction of the mitochondrial PSD pathway

Another option for upregulating PE production is through an induction of the PSD pathway. This was investigated in Drosophila, and the researchers found that when the Kennedy pathway is disrupted, induction of the PSD pathway restored cellular PE levels (144). Drosophila with mutations in the Pect gene, which is equivalent to PCYT2 in humans, had abnormal phospholipid composition, retinal degradation, and defective visual responses. When the PSD pathway was induced in these mutants, they no longer displayed abnormalities in their vision system and cellular PE was restored. The researchers also demonstrated that contact between the ER and mitochondria (through ER MAM) is necessary to transport the PE out of the mitochondria for use in the whole cell. Overall, this demonstrates some potential for inducing PISD genes in humans to treat deficiencies in PCYT2, so long as PE transport from the mitochondria to ER is undisrupted and supported by functional MAM’s.



Stimulation of lyso-PE acylation

Although the lyso-PE acylation pathway has a minor contribution to cellular PE when compared to the CDP-Etn and PSD pathways, there is some evidence that supplementing with small amounts of lyso-PE can increase PE levels. Table 2 summarizes the studies that have demonstrated this in both yeast and human cells (10, 12). The yeast strains with PSD1 and PSD2 mutations were auxotrophic for Etn, which indicated a reliance on the Kennedy pathway for PE production (12). PE produced by the Kennedy pathway could not restore mitochondrial lipid composition (68), indicating a need to identify a pathway that better supports cellular PE. The treatment of PSD mutant yeast with exogenous lyso-PE supplied PE to mitochondria (12). Lyso-PE was much more effective than Etn when the yeast was grown under respiratory conditions, where mitochondrial number and size naturally increase. This ability for lyso-PE to better support growth under respiratory conditions indicates that PE produced by lyso-PE acylation supports mitochondrial function better than PE made by the Kennedy pathway.

This has also been demonstrated in mammalian cells. The lyso-PE treatment improved cell growth, mitochondrial morphology, and ATP production in Ptdss2 deficient hamster ovary cells (4). These cells had a significantly decreased PS synthesis (145) and reduced mitochondrial PE (4). Lyso-PE treatment of PISD mutant human fibroblasts reduced mitochondrial fragmentation and rescued the cell from apoptosis (10). Although these studies make lyso-PE appear promising treatment option, there are some limitations to consider. The lyso-PE acylation pathway cannot restore PE plasmalogens, since they are exclusively produced by the CDP-Etn pathway (28, 29) and it might not be able to rescue the phenotypes caused by defects in the Kennedy pathway. It is also important to consider whether supplementing lyso-PE is safe because some evidence indicates that it might stimulate lipid accumulation in the liver (146) and because of its detergent properties, it could damage cellular membranes (147). In livestock animals dietary lyso-phospholipids improved nutrient absorption, but these experiments did not measure lipid levels or toxicity (148–150). Overall, there is a lack of clinical evidence to suggest that lyso-PE supplementation would be a method of choice for restoring PEs in human deficiencies caused by mutations in PISD and the genes from the CDP-Etn Kennedy pathway.

There are several proteins that are involved in the uptake and utilization of lyso-PE in yeast. Lyso-PE is transported by Dnf1p and Dnf2p, which are ATP-dependent amino phospholipid translocases (12), and Ale1p is the enzyme that catalyzes the acylation of yeast lyso-PE (151). These findings set the groundwork for investigations into whether there are similar pathways in humans that could be manipulated to help increase PE in deficient patients. In humans, plasma lyso-PE is much higher than in cells and tissues (152), suggesting that an upregulation of lyso-PE transport might help to increase lyso-PE acylation within the cell. The mechanisms for lyso-PE transport are not well-understood, however, the Mfsd2a transporter, which primarily transports lyso-PC, is known to also interact with lyso-PE (14). This protein, along with other potential transporters, need to be further investigated in order to determine how the cellular import of lyso-PE could be stimulated. Once inside the cell, lyso-PE is converted to PE by lysophospholipid acyltransferases. The specific acyltransferases that are involved in PE synthesis have been identified as LPEAT1, LPCAT4, and LPCAT3 (13). Therefore, an increase in any of these activities would potentially increase PE production from lyso-PE. Altogether, a great deal of research is needed to determine whether a targeted upregulation of any part of the lyso-PE pathway is feasible and safe in humans.



Supplementation of PC, PE, and PS

The impact of supplementation of PC, PE, and PS on phospholipid homeostasis is not well-studied, however, it is expected that dietary phospholipids will modify fatty acid composition and balance membrane lipid ratio. In many studies where phospholipid supplementation was studied, there is no documented analysis of the membrane phospholipid content or composition, rather the focus is on other physiological impacts (153–157). For example, in a study that investigated dietary supplementation of PC and vitamin B12 in mice, there was no observed impact on phospholipid subclasses, however, supplementation improved learning behavior by increasing docohexaenoic (DHA) acid content in the brain (153). Similarly, dietary PS supplementation in humans improved cognitive function, however, the phospholipid compositions of the test subjects was not studied. Dietary PS increased circulating PS levels but how the supplementation impacted other phospholipids is not known (154–158). A recent study in a SAMP8 mice (a model for cognitive deficiency) looked at how supplementing with DHA-containing PC and PS could restore lipid homeostasis (159). This study analyzed the lipid content of the cerebral cortex and found that DHA-PS and DHA-PC did not alter major phospholipids, however, increased the levels of lyso-PE. After dietary intake, PE is hydrolyzed to lyso-PE or Etn before absorption into the intestinal mucosa (160). Once absorbed, Etn is transported to the portal vein where it can be used to produce PE through the CDP-Etn pathway (160). Intestinal lyso-PE is typically re acylated to PE, but it could also be further degraded to form Etn, which could then enter the CDP-Etn pathway (12). Altogether, these studies indicate that dietary PE might increase lyso-PE and Etn which can be used to reform PE, but this has not been investigated directly. Intervention studies would be needed to confirm whether dietary phospholipids help to balance cellular PE levels.



Supplementation of plasmalogens

The idea of supplementing plasmalogens has been studied as a treatment method for Alzheimer’s patients, who have significantly reduced levels of plasmalogens (38–41). Since plasmalogens are also reduced in patients with dysfunctional CDP-Etn pathways, namely spastic paraplegia 81 and 82, plasmalogen supplementation might also be of benefit to them. Oral supplementation of plasmalogens and their derivatives has been shown to improve cognitive function in Alzheimer’s disease rodent models (161, 162). Some benefits of plasmalogen supplementation have also been observed in a clinical study on human Alzheimer’s patients (163). Interestingly, for the human trial, plasmalogen levels did not increase after supplementation, even though some improvements in cognitive function were noted (163). It is possible that plasmalogen levels did increase enough to have a biological role but the difference was not significant enough to be measurable (21, 164). Something to consider when supplementing with plasmalogens is that they might undergo structural changes during digestion. This was suggested by a study in rats, where PE-plasmalogens underwent structural changes in the intestinal mucosa (165). Therefore, more studies are needed to determine whether supplementation would help increase plasmalogen levels in patients with deficiencies in the CDP-Etn pathway.



Reducing PEMT conversion of PE to PC

A mechanism that could potentially increase tissue PE levels is to decrease the PEMT mediated liver conversion of PE to PC, which has been accomplished by drugs that induce peroxisome proliferation or inhibit cellular methylation (166–169). Peroxisome proliferators are drugs that are known to induce the proliferation of peroxisomes, mitochondria, and ER in rodent hepatocytes (170–173). Clofibric acid, tiadenol, and di-(2-ethylhexyl) phthalate are peroxisome proliferators (fibrates) that could increase PE and PC levels in the liver (165–167). Following fibrate treatments, CTP:phosphocholine cytidylyltransferase and PSD activity were increased, while PEMT and CTP:phosphoethanolamine cytidylyltransferase (ECT/Pcyt2) activity were suppressed (163). This indicates that fibrates might increase PE levels by increasing PSD pathway and by reducing PE methylation to PC (168). This does not result in decreased PC levels because PC synthesis is increased through the CDP-Cho pathway, as indicated by increased activity of the rate-limiting enzyme, CTP:phosphocholine cytidylyltransferase (168). This is an unexplored approach for increasing liver PE and PC and future studies are needed to probe whether fibrates could be beneficial for repairing membrane phospholipids in the other tissues.

Another drug that has been studied is a methylation inhibitor called 3-deazaadenosine (169). Administration of this drug to rats intravenously and to rat hepatocytes in cell culture resulted in decreased conversion of PE to PC, as well as an increase in conversion of phosphocholine to CDP-choline (which is mediated by the CTP: phosphocholine cytidylyltransferase) (169). This showed that the PEMT and CDP-Cho Kennedy pathways are coordinately regulated, such that when PEMT activity is decreased, PC production through the Kennedy pathway increases. This has also been demonstrated in PEMT knock-out mice, which had a 60% increase in CTP:phosphocholine cytidylyltransferase activity (174). Additional studies on the PEMT deficient mice showed that they had no significant differences in development, behavior, or fecundity when compared to their wildtype littermates (175), however, they develop a severe hepatic steatosis under choline deficiency but also when supplemented with dietary choline (174–176). Therefore, before targeting PEMT pathway to preserve PE levels without decreasing PC content in the liver it is important to consider whether this would contribute to fatty liver development.

Peroxisome proliferators have been studied as a treatment method for Alzheimer’s disease, and although they do not appear to cross the blood-brain barrier, they still improve cognitive function through some unknown mechanism (177, 178). PEMT is much less abundant in the brain than it is in the liver. In rats, the brain has approximately 1% of the amount of PEMT found in the liver (179). However, PEMT activity could be increased in the brain tissue of rats with choline deficiency (180). Other studies demonstrated that PEMT has a role in brain development (181, 182) showing that PEMT-deficient mice had significantly decreased fetal brain PC (182). However, the neonatal development and conditions of choline deficiency were not relevant to the PE-related genetic disorders discussed here. It is generally accepted that PEMT is much less active in the brain than in the liver (178, 183). According to the Human Protein (Brain) Atlas, PEMT mRNA is universally distributed in the human brain but the expression is about 20-fold lower than in the liver (184). Therefore, it is highly questionable whether a reduction of PEMT activity would have any effect on PE homeostasis in neural tissues.

A possible benefit of downregulating PEMT is the observed increase in PC production through the Kennedy pathway (168, 169, 174). This pathway could replenish some plasmalogens by using CDP-Cho as a substrate, rather than CDP-Etn (44). However, this is somewhat speculative as plasmalogen production was not studied in animal models, so future studies are needed to confirm whether this would occur. Even if plasmalogen production is increased in the liver, further studies would be needed to determine whether this has any impact on plasmalogen levels in other tissues.




Conclusion

The cellular regulation of PE homeostasis is a complex process, and its recent connection to neurodegenerative diseases provides motivation to better understand the many systems involved. Although recent studies point to potential treatment options for patients with dysfunctions in PE synthesis, most studies have focused on pinpointing the disease genes or elucidating the elements involved in PE regulation. This is a promising first step; however, future studies must be conducted to investigate the effectiveness and feasibility of the treatment options that were proposed in this review. Of course, there could not be one agreed upon method of increasing specific PE species for all individuals who are deficient. This is made clear by the various disease genes that lead to decreased PE levels, and the differences in their pathologies. However, the ability of lyso-PE acylation to supply both the cellular and mitochondrial pools of PE make it an interesting target for future studies, especially since there have yet to be any disease genes associated with this pathway. As such, it has the potential to restore PE homeostasis in patients with dysfunction in either the Kennedy or PSD pathways, but our current knowledge of how to increase lyso-PE acylation in vivo is extremely limited. A more realistic approach would be to assess the impacts of dietary phospholipid supplements, along with drugs that are known to impact phospholipid homeostasis, in order to find therapeutic methods that could help the individuals who are currently suffering.
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