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Abstract

:

Fatty acids (FAs) are of crucial importance for brain homeostasis and neural function. Glia cells support the high demand of FAs that the central nervous system (CNS) needs for its proper functioning. Additionally, FAs can modulate inflammation and direct CNS repair, thereby contributing to brain pathologies such Alzheimer’s disease or multiple sclerosis. Intervention strategies targeting FA synthesis in glia represents a potential therapeutic opportunity for several CNS diseases.
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1. Introduction


The central nervous system (CNS) has an exceptionally high lipid content. In fact, lipids constitute about half of the brain tissue dry weight, making it the second most lipid rich organ after adipose tissue [1]. In addition, the brain contains the highest diversity of lipids than any other organ. Fatty acids (FA) are essential monomeric components that define the structural diversity of lipids and determine their functional properties in the CNS [2]. FAs and their metabolites are critical for brain homeostasis and influence many neural functions, including cell survival, neurogenesis and synaptogenesis [3,4]. Glial cells are a highly heterogeneous population of cells and predominate the mammalian brain [5]. Astrocytes, oligodendrocytes and microglia are the major types of glial cells in the CNS [6]. Their main function is to sustain a homeostatic environment for neuronal circuits, providing not only structural or trophic support but also controlling neuronal function and plasticity [7,8,9]. To do so, glial cells heavily rely on transient and temporal changes in the FA and lipid metabolism [10]. The critical role of lipids in CNS physiology and cell signaling has been validated by the many neurological disorders neurodegenerative diseases such as Alzheimer’s, Parkinson’s or Niemann-Pick, where lipid metabolism is dysregulated [11,12,13]. Previously, the synthesis of other lipid species such cholesterol by glial cells and their effect in neurological diseases have been extensively described [14,15,16,17,18]. In this review, we elaborate on the current knowledge of FA synthesis and processing pathways in glial cells as well as the crosstalk of FA synthesis and glia in CNS pathology. We further discuss how modulating these processes may offer novel therapeutic options for various neurological disorders.




2. Fatty Acid Biosynthesis in Healthy CNS


2.1. De Novo Fatty Acid Synthesis


De novo FA synthesis is a highly conserved process between bacteria and eukaryotes [19]. In mammals, this process is a critical anabolic pathway that takes place in the cytoplasm [20]. The mechanism of FA synthesis consists of a coordinated series of enzymatic reactions that sequentially extend an alkanoic chain by a series of decarboxylative condensation reactions (Figure 1) [21]. Initially, citrate is converted to acetyl-CoA by ATP-citrate lyase (ACLY). The resulting acetyl-CoA is carboxylated to yield malonyl-CoA by acetyl-CoA carboxylase (ACC). Then, Acetyl-CoA and malonyl-CoA are coupled to the acyl-carrier protein domain of the rate-limiting enzyme fatty acid synthase (FASN) [22]. The elongation of the chain occurs by repeating the condensation cycle until a 16-carbon palmitic acid (16:0) is generated. Next, palmitic acid is further elongated and desaturated to generate complex fatty acids. Alternatively, de novo synthesis also occurs in mitochondria but this pathway closely resembles the prokaryotic FA synthesis pathway [23]. However, this pathway has only one known product, lipoic acid, which functions as a cofactor for several important mitochondrial multienzyme complexes [24].




2.2. Elongation


In mammals, FA elongation depends on a set of enzymes termed elongation of very long-chain fatty acid enzymes (ELOVLs) [25]. ELOVLs are located in the endoplasmic reticulum (ER) and catalyze FA elongation via the condensation of a malonyl-CoA to an acyl-CoA molecule to yield 3-ketoacyl-CoA, which is the first rate limiting step in the elongation cycle of FAs [26]. Then, 3-ketoacyl-CoA is reduced and dehydrated to produce trans-2-enoyl-CoA, which is finally reduced to form the elongated acyl-CoA. To date, seven ELOVLs have been identified in mammals (ELOVL1–7) (Figure 1). ELOVL1, 5, 6 and 7 are ubiquitously expressed, while ELOVL2, 3 and 4 are tissue specific [27,28]. In terms of target substrates, ELOVL1, 3 and 6 elongate saturated (SFAs) and monounsaturated fatty acids (MUFAs), whereas ELOVL2, 4 and 5 elongate polyunsaturated fatty acids (PUFAs) [29].




2.3. Desaturation


FA desaturation is accomplished by the introduction of a double bond at specific positions within the FA carbon chain, a process catalyzed by Acyl-coenzyme A (CoA) desaturases [30]. Mammalian cells express Δ9, Δ6 and Δ5-desaturases in which the Δ-number specifies the position where the double bond is introduced [31]. Desaturases are divided in two families, stearoyl-coA desaturases (SCDs), and fatty acid desaturases (FADS) (Figure 1) [32]. SCDs transform SFAs into MUFAs by introducing a single double bond at position Δ9 of the FA chain. In mice, SCDs are present in four isoforms (SCD1–4) which present a distinct tissue distribution pattern [33,34,35]. However, humans only have a highly homologous gene of SCD1 that is ubiquitously expressed in all tissues [36]. FADS are enzymes that catalyze the desaturation of PUFAs. Humans express three FADS (FADS 1–3). The desaturation reactions at positions 5 and 6 of the FA chain are catalyzed by desaturases FADS1 and FADS2, respectively. The function of FADS3 has not been described but it is suggested to catalyze Δ13-desaturation [37]. Mammals lack the Δ12 and Δ15-desaturases present in plants and, consequently, they cannot synthesize FA of the ω6 and ω3 series [38]. These so-called essential fatty acids must be provided by the diet and serve as precursors for the synthesis of longer PUFAs, including arachidonic (ARA) and docosahexaenoic acids (DHA) required for many functions such as the regulation of the membrane composition and signaling pathways [32]. In addition, synthesis of DHA and docosapentaenoic acid undergo one cycle of peroxisomal β-oxidation [39]. Both, de novo FAs and diet-derived FA share the same enzymes for their elongation and desaturation.





3. Synthesis of Complex FA Species


As previously stated, FAs are the building blocks for many complex lipids. Phospholipids (PL) represent the majority of cellular FAs and are the main component of cell membranes and the major lipid class in the brain [40]. Their structure consists of a hydrophilic head group attached by a phosphodiester bridge to a hydrophobic backbone with two esterified FAs, making PLs amphipathic molecules [41]. PL are divided in two categories: glycerophospholipids and sphingolipids.



3.1. Glycerophospholipids


Glycerophospholipids (GPs) are the most abundant PL. They all have at least one hydrophobic chain linked to a glycerol backbone by an ester or ether linkage [42]. Phosphatidic acid serves as a precursor of most GPs, a major lipid second messenger carrying signaling information and together with its precursor lysophosphatidic acid (LPA) is involved in gliomas and brain cancers [43,44]. GPs are subdivided into distinct subclasses, based on the nature of the polar head group: phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidylinositol (PI) [45]. PC, PE and PS are synthesized from phosphatidate by the cytidine diphosphate (CDP)–diacylglycerol pathway, while PC and PE can also synthesized by the Kennedy (CDP–choline and CDP–ethanolamine) pathway [46,47]. GPs synthesis takes place on the ER and the mitochondrial outer membrane [48].



GPs are essential for basic cellular functioning. PC, the most abundant phospholipid in all mammalian cell membranes, plays a vital part in membrane fusion, transport, endocytosis and enzymatic catalysis [49]. PC is an important constituent of the myelin layer and has been linked to myelination during development and repair [50]. In the brain, PC contains mostly saturated C16:0 and monounsaturated C18:1 FAs [51]. PE comprises 45% of total PL in the brain and is rich in PUFA. PE is used as a substrate for the production of endocannabinoids [52]. Endocannabinoids are lipid-based retrograde neurotransmitters that bind to cannabinoid receptors to modulate synaptic signaling [53]. PS is synthesized from phosphatidylcholine or phosphatidylethanolamine by exchanging the base head group with serine. PS contains mainly C18:0, C18:1, and DHA [54]. PS in grey matter is predominantly rich in DHA. PS is required for the activation of Akt, Raf-1 and protein kinase C signaling which are known to stimulate neuronal survival, neurite growth and synaptogenesis [55]. In addition, PS play a critical role in signal transduction pathways, including the PI3K/Akt, Raf/Ras and protein kinase C pathways, and modulation neurotransmitter release and reception. The brain contains the highest concentrations of PI among animal tissues and is mainly composed by stearic acid and ARA [54]. PI generates phosphoinositides via phosphorylation on the inositol headgroup. In the CNS, phosphoinositides modulate ion channels, affecting electrical signaling as well as calcium and neurotransmitter release [56]. In summary, GP functions are widespread and diverse in the CNS.




3.2. Sphingolipids


Sphingolipids are a family of bioactive molecules that comprise an essential group of lipids containing a long-chain sphingoid-base backbone [45]. The FA components of sphingolipids are usually saturated or monounsaturated, and contain 16, 18, 22, or 24 carbon atoms [57]. Sphingolipids influence structural properties of membranes and function as cell signaling modulators and mediators. [58]. This group of lipids include species such as sphingosines, ceramides and sphingosine 1-phosphate (S1P), and sphingomyelin (SM) that are involved in numerous cell signaling pathways.



De novo sphingolipid synthesis takes place in the ER, where the condensation of activated C16 FA palmitoyl-CoA and amino acid L-serine is catalyzed by serine palmitoyltransferase (SPT), forming 3-ketodihydrosphingosine. Next, 3-keto-dihydrosphingosine is reduced to dihydrosphingosine and then acetylated by one of the six (dihydro)ceramide synthases (CerS1–6) to produce ceramides. Ceramide is the core constituent of all sphingolipids. Ceramides are potent signaling molecules that control cellular physiology, ranging from apoptosis, cell differentiation and cell cycle [59]. Ceramides are then transported to the Golgi apparatus where they can be further processed into other sphingolipids such as sphingomyelin. Sphingomyelin, together with ceramides, is involved in the process of neurogenesis and synaptogenesis [60]. Besides this, sphingomyelin is an important structural component of cell membranes and a major constituent of myelin [61]. Sphingomyelin fatty acids comprise mainly stearic (C18:0), lignoceric (C24:0), and nervonic (C24:1) acids [54]. Ceramides can also be metabolized by ceramidases, that remove the amide-linked FA to form sphingosine. Then, sphingosine can be phosphorylated by sphingosine kinase 1 and 2 (SPHK1 and 2) to produce S1P [62]. S1P is recognized as a molecule regulating several processes such as neuronal growth and survival, cell motility, angiogenesis and immune cell migration [63]. In oligodendrocytes S1P is shown to promote differentiation by activating NT3 [64]. In addition, S1P receptors (S1PRs) are expressed in nearly all CNS cells including neurons and glial cells [65]. For example, in microglia S1PR2 and 3 are linked to a more inflammatory phenotype while S1PR1 drives microglia into a more anti-inflammatory phenotype [66,67]. The transmission of intracellular signals by S1PRS depends on the receptor expression in each cell [68]. All these findings indicate that sphingolipids have important structural and functional roles in cell cycle and signaling in the CNS.





4. Fatty Acid Synthesis in Glial Cells


4.1. Astrocytes


Astrocytes are the most abundant cell type in the CNS [69]. Astrocytes provide structural, functional and metabolic support for neurons, and they are also involved in neuroplasticity and interneuronal communication [70]. Astrocytes promote synaptic formation and function by producing thrombospondins and tumor necrosis factor α (TNFα), as well as synaptic elimination by releasing transforming growth factor-β (TGFβ). Additionally, astrocytes contribute to neuronal information processing by decoding GABAergic synaptic activity via the release of glutamate or ATP/adenosine [71].



Ample evidence indicates that FA metabolism drives the function of astrocytes in health and disease, and vice versa, astrocytes control lipid homeostasis in the CNS (Figure 2). For example, Tabernero et al. demonstrated that astrocytic FA acid synthesis is essential for neuronal differentiation during development [72]. Specifically, they reported that a developmental increase in albumin triggers the expression of sterol regulatory-element binding proteins 1 (SREBP-1) and SCD in astrocytes, resulting in the accumulation of oleic acid, a MUFA. Astrocytic oleic acid is horizontal transferred to PC and PE in neurons, enhancing neuronal differentiation and used by oligodendrocytes to synthesize sphingomyelin, stimulating myelination [72]. On that same note, astrocytic oleic acid promotes neuron migration and synaptogenesis by inducing the expression of DCX and GAP-43, respectively [73].



Astrocytes are the main source of DHA and ARA in the CNS [74] that are derived from the essential FA. In vitro and in vivo studies indicate that DHA is involved in neuronal cell growth and differentiation [75]. Although most of the DHA in the CNS is dietary derived, synthesis of DHA from α-linolenic acid by astrocytes as a response to various stimuli plays an important role in neuroinflammation and cell survival [74]. DHA attenuates microglial-induced inflammation by inhibiting the NFκB and MAPK pathway [59], while DHA deficiency increases the expression of pro-inflammatory cytokines such as IL-6, IL-1β or TNF-α [76]. DHA is crucial for the differentiation of astrocytes and inhibits ER stress [77,78]. On the other hand, ARA acts as a messenger controlling the electrical and biochemical behavior of neurons and glial cells. ARA mediates synaptic transmission via acting on most voltage-gated and ligand-gated ion channels [79]. In addition, astrocytes direct neurovascular coupling by synthesizing vasodilatory ARA derivatives [80]. Besides DHA and ARA, other FAs such palmitic acid and stearic acid are generated by astrocytes upon inflammatory stimulation [74]. Interestingly, astrocytic loss of cholesterol synthesis was found to impact whole-body metabolism via sterol regulatory element-binding protein 2 (SREBP2) modulation [81]. SREBP2 is the major transcription factor regulating cholesterol synthetic genes [82]. Astrocyte-specific SREBP2 knock out mice showed altered fat composition and metabolism. All in all, these findings demonstrate that astrocyte-derived FAs are essential for the maintenance and function or the CNS and may even impact systemic metabolism. Nevertheless, further characterization of the FA generated by astrocytes, their bioactivity as well as their relevance in regulating brain function is required.




4.2. Oligodendrocytes


In the CNS, oligodendrocytes are specialized glial cells responsible for producing myelin sheaths [83,84]. The myelin sheath is characterized by a high percentage of lipids (70–85%) [85]. Apart from cholesterol, all the lipids that form myelin use FAs as their fundamental structure blocks. Therefore oligodendrocytes heavily rely on FA synthesis for membrane production during myelination [86]. Among the FAs present in myelin lipids, about 80% have a chain length of 18 carbon atoms or less and 6% are PUFAs [87]. A recent study has demonstrated that de novo FA synthesis is critical for accurate CNS myelination. This includes radial myelin growth, stability of myelinated axons and correct myelin lipid composition (Figure 2) [88]. Even though FASN is not indispensable for the proliferation and differentiation of oligodendrocytes, FASN deficiency was proven to affect correct maturation of oligodendrocytes and myelination [88]. Moreover, myelin contains high levels of saturated very long chain fatty acids (VLCFA). VLCFAs formation is dependent on ELOVLs activity. Saturated VLCFA are essential for providing a thick permeability barrier for ions to insulate axons [89]. In the CNS, ELOVL4 expression was mainly detected in neurons, although a small group of ELOVL4 positive cells has been observed in the brain white matter, suggesting potential expression by oligodendrocytes [90]. This indicates that ELOVL4 could play a role in the production of VLCFA that form the myelin sheath. In addition, PC is an abundant phospholipid in myelin and its synthesis in oligodendrocytes depends on de novo synthesis through choline uptake [50]. Altogether, current evidence points to a crucial role for FA synthesis in the differentiation of oligodendrocytes and subsequent myelination However future research needs to elucidate the underlying mechanisms.




4.3. Microglia


Microglia are the resident immune cells of the CNS and comprise ∼10–20% of all glial cells [91]. Unlike astrocytes and oligodendrocytes, which are derived from a common lineage of neural progenitor cells, microglia are originated from yolk sac primitive macrophage progenitors that invade the brain at the very early stages of embryonic development. Nowadays, microglia are considered a versatile group of cells [92,93]. Microglia provide the first line of innate immunity of the CNS but its functions go beyond scavenging of debris and infectious agents [92]. Microglia mediate synaptic pruning [94] and regulate neurogenesis and repair [95,96]. Microglia are rich in phosphatidylglycerols and sphingomyelins, containing high levels of specific sphingomyelin which are nearly absent in other glia cells. During the last decade, several studies have demonstrated the importance of FAs in directing microglia function (Figure 2) [97]. Microglia can adopt distinctive phenotypes in response to different stimuli with the classically activated inflammatory state and the alternatively activated, inflammation resolving state as the extremes [7]. The inflammatory phenotype is characterized by the production of pro-inflammatory cytokines and neurotoxic components whereas the alternatively activated phenotype is characterized by the release anti-inflammatory and neurotrophic factors, granting them a repair promoting phenotype [98,99,100]. Yet, the phenotypes found in vivo significantly differ from these two extremes since they display a spatiotemporal spectrum of phenotypes [98,101]. Long chain SFAs, for instance palmitic and stearic acids, contribute to a pro-inflammatory phenotype by activating Toll-like receptor 4 (TLR4) and NF-kB signaling pathways [102,103,104,105]. In contrast, n-3 PUFAs stimulate an anti-inflammatory phenotype [106]. MUFAs such as oleic acid are described to promote anti-inflammatory processes via activation of the transcription factor peroxisome proliferator-activated receptor [97]. However, our recent study shows that MUFAs generated by SCD1 can shift microglia and macrophages into an inflammatory phenotype [107]. Although FAs and their derivatives are crucial for defining microglial function, only few studies describe the involvement of de novo FA synthesis in directing microglia activity. Despite the lack of studies in microglia, there are extensive studies on FA metabolism in macrophages. Microglia and macrophages share many features and during neuroinflammatory responses macrophages infiltrate the CNS where they, alongside microglia, execute innate effector mechanisms [108]. Therefore, it can be expected that there are parallels in the regulation of the function of both phagocyte types by FA metabolism. In macrophages, FA synthesis is indispensable for membrane remodeling and the synthesis of inflammatory factors [109]. Moreover, FASN has shown to be required for inflammatory activation of macrophages. Lack of FASN not only disrupts cell membrane composition by impairing the retention of plasma membrane cholesterol but also alters Rho GTPase trafficking, a process essential for cell adhesion, migration and activation [110]. Talamonti et al. demonstrated that ELOVL2 deficiency decreases DHA levels in macrophages, affecting their plasticity and promoting a hyperactive inflammatory phenotype [111]. In addition, microglia can synthesize neuroprotectin PD1 (NPD1) from DHA, a specialized pro-resolving lipid mediator (SPM) [112]. SPMs are a family of bioactive metabolites generated in response to inflammation by enzymatic of PUFAs [113]. NPD1 is known to promote phagocytosis and resolve inflammation [114]. Taken together, while SFA synthesis is suggested to favor inflammatory activation of microglia, PUFAs biosynthesis promotes an anti-inflammatory phenotype, and MUFA synthesis seems to have a dual influence on the microglia phenotype which probably depends on the disease context.





5. FA Synthesis in Neurological Diseases


FA synthesis is essential for the correct physiological function of the brain. Alteration in its metabolism has been associated to numerous neurological diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and Multiple Sclerosis (MS).



A growing body of evidence indicates that lipid metabolism is linked to AD pathology. AD is the most common neurodegenerative disorder and responsible for up to 70% of dementia cases. The hallmarks of AD pathology are the deposition of amyloid-β (Aβ) plaques in brain extracellular space and neurofibrillary tangles inside neurons [115]. ApoE is the main lipoprotein in the brain and participates in Aβ production, aggregation, and clearance in an isoform-dependent manner [116]. ApoE is mainly expressed in astrocytes and microglia and appears in three major isoforms, ApoE2, ApoE3, and ApoE4. ApoE4 has been identified as the most prevalent genetic risk factor for AD. In astrocytes, ApoE4 impairs FA metabolism by enhancing de novo FA synthesis, reducing FA degradation, and promoting the accumulation of lipid droplets [117]. AD patients have elevated levels of ARA but reduced levels of LA compared with healthy controls [118]. As stated above, astrocytes are the main source of ARA in the CNS. Activation of the ARA cascade leads to an increase in Aβ and causes impairment in working memory induced by IL-1β [119]. In microglia, ApoE4 is associated with an impairment of Aβ clearance and with the switch to a pro-inflammatory, disease-associated microglia phenotype [120]. These pro-inflammatory microglia show an upregulated FA synthesis and SFA production. Stearic acid (C18:0) concentration is significantly reduced in the frontal and temporal cortex of AD patients, whereas oleic acid (C18:1) and palmitic acid (C16:0) increase in the frontal temporal cortex and in the parietal cortex [121]. In addition, MUFAs are significantly increased in brain tissue of AD patients, which was strongly correlated with cognitive dysfunction and an increase of SCD1 transcription [122]. Overexpression of SCD1 has been linked to an increased secretion of Aβ, suggesting that inhibition of the activity of SCD1 may result in the reduction of Aβ [123]. Furthermore, astrocytes increase the synthesis of palmitic and stearic acid in AD plaques, which induce hyperphosphorylation of tau and upregulation of β-secretase [124]. The AD brain exhibits a reduction of NPD1 and DHA levels [125]. NPD1 mediates modulation of a- and b-secretase activity that results in reduced Aβ shedding [126]. In addition, DHA can downregulate secretion of A β peptides and is the precursor of NDP1. DHA and NPD1 enhance anti-inflammatory and anti-apoptotic gene expression, such Bcl-2 proteins [125]. DHA depletion in CSF fractions in AD is consistent with the importance of 3ω PUFAs in cognitive function [127]. Defects in phosphatidic acid synthesis by phospholipases D has also been reported in AD [44]. Therefore, AD is critically linked to FA metabolism and targeting de novo FA synthesis may provide a novel strategy to modulate AD pathology.



PD is the most frequently occurring movement disorder and the second-most common neurodegenerative disease after AD [128]. PD is characterized by neuronal loss in the substantia nigra and intracellular accumulation of α-synuclein [129]. α-synuclein is a protein present ubiquitously in all glial cells [130,131,132]. Although the molecular basis of PD is still unknown, there is increasing evidence that FA synthesis pathways are associated with PD pathology. SFA levels are present in frontal cortical lipid rafts from PD patients [133]. In the anterior cingulate cortex, there is a significant shift in the acyl chain composition of both ceramides and sphingomyelins toward shorter FA composition (C16:0, C18:0, and C18:1) [134]. PUFAs contribute to mechanisms leading to abnormal α-synuclein accumulation. Astrocytic DHA and ARA induce oligomerization and conformational changes in α-synuclein, enhancing its accumulation. Additionally, prolonged exposure to PUFA triggers the formation of α-synuclein fibrils, suggesting that FA desaturation is boosted [135]. In CSF, a significant increment was mostly observed at the level of PUFA [133,136]. Interestingly, inhibition of SCD1 enhanced the survival of human neurons in the presence of toxic α-synuclein [137]. Therefore, FA synthesis of MUFAs and PUFAs by glial cells may contribute to the exacerbation of PD pathology. These findings indicate that FAs are involved in PD pathology although further research is needed to substantiate this link.



MS is a chronic autoimmune neurodegenerative disease characterized by multiple focal demyelinated lesions accompanied by variable gliosis, inflammation and neurodegeneration [138]. Even though traditionally MS has been considered an inflammatory autoimmune disease, anti-inflammatory therapies are insufficient as the disease progresses. In MS, lipid metabolism is dysregulated, causing changes in the lipid profile in CNS and cerebrospinal fluid of patients as compared to healthy individuals [139,140,141]. Most of MS patients show a decrease of PUFA species such C18:2 or C20:4 and increase of SFA such as C20:0. SCD1 is important to generate nervonic acid (C24:1), which is the major FA component of the sphingomyelin and, therefore, essential for remyelination [142]. Conversely, our previous study has shown that SCD1 controls the inflammatory phenotype of myelin phagocytosing macrophages and microglia and thereby impacts inflammatory and repair processes [107]. SCD1 inhibition promoted a more anti-inflammatory phenotype in macrophages and microglia, resulting in an enhanced remyelination [107]. DHA was also found to regulate inflammatory responses in microglia and modulating dendritic cell-dependent T cell activation [143,144]. In addition, DHA serves as a precursor for the biosynthesis of sphingomyelin. As discussed earlier, sphingomyelin is a major myelin component and its biosynthesis is crucial for remyelination. Furthermore, FA synthesis in oligodendrocytes is essential for efficient remyelination [88,145]. In fact, an important regulator of FA synthesis, biotin, promotes myelination through enhanced myelin formation in oligodendrocytes by increasing malonyl-CoA synthesis [145]. In addition, SPMs, lipid mediators derived from essential FAs, have attracted significant interest as possible therapeutic targets due to their potent role as immunoresolvents reducing inflammation and stimulating reparative processes [146]. Significantly higher levels of the SPM NPD1 has been observed in highly active MS patients [114,147]. As previously stated, NPD1 stimulates phagocytosis and resolves inflammation, suggesting a link with the increased myelin phagocytic activity in the active lesions and the release of pro-resolving mediators. Accordingly, NPD1 levels decrease as the disease progresses. Altogether, this indicates that FA metabolism is critical in MS progression and should be explored as a potential target in MS therapy.



A common feature of these neurodegenerative diseases is the oxidative stress [148,149]. Cumulative oxidative stress induces cellular damage, impairment of the DNA repair system and mitochondrial dysfunction [150]. Mitochondrial FASN (mtFAS) synthesized lipoic acid, a potent antioxidant [151]. Lipoic acid downregulates proinflammatory redox-sensitive transduction processes such NF-κB translocation, thus diminishing the release cytotoxic cytokines and free radicals. Furthermore, lipoic acid reduces demyelization and axonal loss [152]. mtFAS deficiencies very specifically affect CNS function and lead to degeneration [23,153]. Thus, linoic acid metabolism is very promising as a therapeutic alternative in treating CNS disorders [151,154,155,156].




6. Conclusions


The findings summarized in this review highlight the role of FAs synthesized by glia cells in the regulation of the CNS. FAs can be both, beneficial and detrimental, depending on their degree of desaturation and/or elongation. Interventions targeting FA synthesis in glial cells could lead to potential therapeutic opportunity for several CNS diseases. Yet, further research must be carried out in order to unravel the contribution of glial FAs in disease pathology.







Author Contributions


Conceptualization, A.V.G.C. and J.J.A.H.; resources A.V.G.C., M.H. and J.J.A.H.; preparation of figures, A.V.G.C.; writing—original draft preparation, A.V.G.C.; writing—review and editing, M.H., J.F.J.B., and J.J.A.H.; supervision, M.H. and J.J.A.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants of the Charcot Research Foundation (FCS-2016-EG7, R-8676, and R-6832 to JB and J.J.A.H.), Research Foundation Flanders (FWO; 12J9116N, 12JG119N, and G099618N to J.J.A.H. and JB), Interreg V-A EMR program (EURLIPIDS, EMR23 to JH).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article. Original figures created by A.V.G.C.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hamilton, J.A.; Hillard, C.J.; Spector, A.A.; Watkins, P.A. Brain uptake and utilization of fatty acids, lipids and lipoproteins: Application to neurological disorders. J. Mol. Neurosci. 2007, 33, 2–11. [Google Scholar] [CrossRef]

	



Jove, M.; Pradas, I.; Dominguez-Gonzalez, M.; Ferrer, I.; Pamplona, R. Lipids and lipoxidation in human brain aging. Mitochondrial ATP-synthase as a key lipoxidation target. Redox Biol. 2019, 23, 101082. [Google Scholar] [CrossRef]

	



Watkins, P.A.; Hamilton, J.A.; Leaf, A.; Spector, A.A.; Moore, S.A.; Anderson, R.E.; Moser, H.W.; Noetzel, M.J.; Katz, R. Brain uptake and utilization of fatty acids: Applications to peroxisomal biogenesis diseases. J. Mol. Neurosci. 2001, 16, 87–92. [Google Scholar] [CrossRef]

	



Tracey, T.J.; Steyn, F.J.; Wolvetang, E.J.; Ngo, S.T. Neuronal Lipid Metabolism: Multiple Pathways Driving Functional Outcomes in Health and Disease. Front. Mol. Neurosci. 2018, 11, 10. [Google Scholar] [CrossRef]

	



Jakel, S.; Dimou, L. Glial Cells and Their Function in the Adult Brain: A Journey through the History of Their Ablation. Front. Cell. Neurosci. 2017, 11, 24. [Google Scholar] [CrossRef]

	



Domingues, H.S.; Portugal, C.C.; Socodato, R.; Relvas, J.B. Oligodendrocyte, Astrocyte, and Microglia Crosstalk in Myelin Development, Damage, and Repair. Front. Cell Dev. Biol. 2016, 4, 71. [Google Scholar] [PubMed]

	



Ma, D.K.; Ming, G.L.; Song, H. Glial influences on neural stem cell development: Cellular niches for adult neurogenesis. Curr. Opin. Neurobiol. 2005, 15, 514–520. [Google Scholar] [CrossRef]

	



Reemst, K.; Noctor, S.C.; Lucassen, P.J.; Hol, E.M. The Indispensable Roles of Microglia and Astrocytes during Brain Development. Front. Hum. Neurosci. 2016, 10, 566. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Yuan, T.; Pereira, A., Jr.; Verkhratsky, A.; Huang, J.H. Glial Cells and Synaptic Plasticity. Neural Plast. 2016, 2016, 5042902. [Google Scholar] [CrossRef]

	



Barber, C.N.; Raben, D.M. Lipid Metabolism Crosstalk in the Brain: Glia and Neurons. Front. Cell. Neurosci. 2019, 13, 212. [Google Scholar] [CrossRef] [PubMed]

	



Danik, M.; Champagne, D.; Petit-Turcotte, C.; Beffert, U.; Poirier, J. Brain lipoprotein metabolism and its relation to neurodegenerative disease. Crit. Rev. Neurobiol. 1999, 13, 357–407. [Google Scholar] [CrossRef] [PubMed]

	



Adibhatla, R.M.; Hatcher, J.F. Altered lipid metabolism in brain injury and disorders. Subcell. Biochem. 2008, 49, 241–268. [Google Scholar]

	



Mesa-Herrera, F.; Taoro-Gonzalez, L.; Valdes-Baizabal, C.; Diaz, M.; Marin, R. Lipid and Lipid Raft Alteration in Aging and Neurodegenerative Diseases: A Window for the Development of New Biomarkers. Int. J. Mol. Sci. 2019, 20, 3810. [Google Scholar] [CrossRef]

	



Dietschy, J.M.; Turley, S.D. Cholesterol metabolism in the brain. Curr. Opin. Lipidol. 2001, 12, 105–112. [Google Scholar] [CrossRef]

	



Goritz, C.; Mauch, D.H.; Nagler, K.; Pfrieger, F.W. Role of glia-derived cholesterol in synaptogenesis: New revelations in the synapse-glia affair. J. Physiol. Paris 2002, 96, 257–263. [Google Scholar] [CrossRef]

	



Orth, M.; Bellosta, S. Cholesterol: Its regulation and role in central nervous system disorders. Cholesterol 2012, 2012, 292598. [Google Scholar] [CrossRef]

	



Vance, J.E.; Hayashi, H.; Karten, B. Cholesterol homeostasis in neurons and glial cells. Semin. Cell Dev. Biol. 2005, 16, 193–212. [Google Scholar] [CrossRef]

	



Zhang, J.; Liu, Q. Cholesterol metabolism and homeostasis in the brain. Protein Cell 2015, 6, 254–264. [Google Scholar] [CrossRef] [PubMed]

	



Cronan, J.E.; Thomas, J. Bacterial fatty acid synthesis and its relationships with polyketide synthetic pathways. Methods Enzymol. 2009, 459, 395–433. [Google Scholar] [PubMed]

	



Wakil, S.J.; Stoops, J.K.; Joshi, V.C. Fatty acid synthesis and its regulation. Annu. Rev. Biochem. 1983, 52, 537–579. [Google Scholar] [CrossRef] [PubMed]

	



Smith, S.; Witkowski, A.; Joshi, A.K. Structural and functional organization of the animal fatty acid synthase. Prog. Lipid Res. 2003, 42, 289–317. [Google Scholar] [CrossRef]

	



Kuhajda, F.P.; Jenner, K.; Wood, F.D.; Hennigar, R.A.; Jacobs, L.B.; Dick, J.D.; Pasternack, G.R. Fatty acid synthesis: A potential selective target for antineoplastic therapy. Proc. Natl. Acad. Sci. USA 1994, 91, 6379–6383. [Google Scholar] [CrossRef] [PubMed]

	



Kastaniotis, A.J.; Autio, K.J.; Nair, R.R. Mitochondrial Fatty Acids and Neurodegenerative Disorders. Neuroscientist 2021, 27, 143–158. [Google Scholar] [CrossRef] [PubMed]

	



Tutelyan, V.A.; Makhova, A.A.; Pogozheva, A.V.; Shikh, E.V.; Elizarova, E.V.; Khotimchenko, S.A. Lipoic acid: Physiological role and prospects for clinical application. Vopr Pitan 2019, 88, 6–11. [Google Scholar] [PubMed]

	



Castro, L.F.; Tocher, D.R.; Monroig, O. Long-chain polyunsaturated fatty acid biosynthesis in chordates: Insights into the evolution of Fads and Elovl gene repertoire. Prog. Lipid Res. 2016, 62, 25–40. [Google Scholar] [CrossRef] [PubMed]

	



Jakobsson, A.; Westerberg, R.; Jacobsson, A. Fatty acid elongases in mammals: Their regulation and roles in metabolism. Prog. Lipid Res. 2006, 45, 237–249. [Google Scholar] [CrossRef]

	



Tamura, K.; Makino, A.; Hullin-Matsuda, F.; Kobayashi, T.; Furihata, M.; Chung, S.; Ashida, S.; Miki, T.; Fujioka, T.; Shuin, T.; et al. Novel lipogenic enzyme ELOVL7 is involved in prostate cancer growth through saturated long-chain fatty acid metabolism. Cancer Res. 2009, 69, 8133–8140. [Google Scholar] [CrossRef]

	



Wang, Y.; Botolin, D.; Christian, B.; Busik, J.; Xu, J.; Jump, D.B. Tissue-specific, nutritional, and developmental regulation of rat fatty acid elongases. J. Lipid Res. 2005, 46, 706–715. [Google Scholar] [CrossRef]

	



Jump, D.B. Mammalian fatty acid elongases. Methods Mol. Biol. 2009, 579, 375–389. [Google Scholar]

	



Los, D.A.; Murata, N. Structure and expression of fatty acid desaturases. Biochim. Biophys. Acta 1998, 1394, 3–15. [Google Scholar] [CrossRef]

	



Nakamura, M.T.; Nara, T.Y. Structure, function, and dietary regulation of delta6, delta5, and delta9 desaturases. Annu. Rev. Nutr. 2004, 24, 345–376. [Google Scholar] [CrossRef]

	



Guillou, H.; Zadravec, D.; Martin, P.G.; Jacobsson, A. The key roles of elongases and desaturases in mammalian fatty acid metabolism: Insights from transgenic mice. Prog. Lipid Res. 2010, 49, 186–199. [Google Scholar] [CrossRef]

	



Miyazaki, M.; Dobrzyn, A.; Elias, P.M.; Ntambi, J.M. Stearoyl-CoA desaturase-2 gene expression is required for lipid synthesis during early skin and liver development. Proc. Natl. Acad. Sci. USA 2005, 102, 12501–12506. [Google Scholar] [CrossRef] [PubMed]

	



Miyazaki, M.; Jacobson, M.J.; Man, W.C.; Cohen, P.; Asilmaz, E.; Friedman, J.M.; Ntambi, J.M. Identification and characterization of murine SCD4, a novel heart-specific stearoyl-CoA desaturase isoform regulated by leptin and dietary factors. J. Biol. Chem. 2003, 278, 33904–33911. [Google Scholar] [CrossRef]

	



Moon, Y.A.; Shah, N.A.; Mohapatra, S.; Warrington, J.A.; Horton, J.D. Identification of a mammalian long chain fatty acyl elongase regulated by sterol regulatory element-binding proteins. J. Biol. Chem. 2001, 276, 45358–45366. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Ge, L.; Parimoo, S.; Stenn, K.; Prouty, S.M. Human stearoyl-CoA desaturase: Alternative transcripts generated from a single gene by usage of tandem polyadenylation sites. Biochem. J. 1999, 340 Pt 1, 255–264. [Google Scholar] [CrossRef]

	



Rioux, V.; Pedrono, F.; Blanchard, H.; Duby, C.; Boulier-Monthean, N.; Bernard, L.; Beauchamp, E.; Catheline, D.; Legrand, P. Trans-vaccenate is Delta13-desaturated by FADS3 in rodents. J. Lipid Res. 2013, 54, 3438–3452. [Google Scholar] [CrossRef] [PubMed]

	



Wallis, J.G.; Watts, J.L.; Browse, J. Polyunsaturated fatty acid synthesis: What will they think of next? Trends Biochem. Sci. 2002, 27, 467. [Google Scholar] [CrossRef]

	



Innis, S.M.; Dyer, R.A. Brain astrocyte synthesis of docosahexaenoic acid from n-3 fatty acids is limited at the elongation of docosapentaenoic acid. J. Lipid Res. 2002, 43, 1529–1536. [Google Scholar] [CrossRef] [PubMed]

	



Bourre, J.M. Brain Lipids and Ageing; Elsevier: Amsterdam, The Netherlands, 2009; pp. 219–251. [Google Scholar]

	



Calder, P.C. Chapter 8—Metabolism of Polyunsaturated Fatty Acids by Cells of the Immune System. In Polyunsaturated Fatty Acid Metabolism; Burdge, G.C., Ed.; AOCS Press: Cambridge, MA, USA, 2018; pp. 135–155. [Google Scholar]

	



Scaramozzino, J.M. Encyclopedia of Biological Chemistry. Elsevier: Amsterdam, The Netherlands, 2013; Volume 51, p. 49. [Google Scholar]

	



Amaral, R.F.; Geraldo, L.H.M.; Einicker-Lamas, M.; TCLS, E.S.; Mendes, F.; Lima, F.R.S. Microglial lysophosphatidic acid promotes glioblastoma proliferation and migration via LPA1 receptor. J. Neurochem. 2021, 156, 499–512. [Google Scholar] [CrossRef]

	



Tanguy, E.; Wang, Q.; Moine, H.; Vitale, N. Phosphatidic Acid: From Pleiotropic Functions to Neuronal Pathology. Front. Cell. Neurosci. 2019, 13, 2. [Google Scholar] [CrossRef]

	



Donato, P.; Dugo, P.; Mondello, L. Separation of Lipids; Elsevier: Amsterdam, The Netherlands, 2017; pp. 201–243. [Google Scholar]

	



Carman, G.M.; Zeimetz, G.M. Regulation of phospholipid biosynthesis in the yeast Saccharomyces cerevisiae. J. Biol. Chem. 1996, 271, 13293–13296. [Google Scholar] [CrossRef] [PubMed]

	



Vance, J.E.; Vance, D.E. Phospholipid biosynthesis in mammalian cells. Biochem. Cell Biol. 2004, 82, 113–128. [Google Scholar] [CrossRef]

	



Prentki, M.; Madiraju, S.R. Glycerolipid metabolism and signaling in health and disease. Endocr. Rev. 2008, 29, 647–676. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, M.M.; Xue, Y.; Sun, S.H.; Wen, M.; Li, Z.J.; Xu, J.; Wang, J.F.; Yanagita, T.; Wang, Y.M.; Xue, C.H. Effects of different fatty acids composition of phosphatidylcholine on brain function of dementia mice induced by scopolamine. Lipids Health Dis. 2016, 15, 135. [Google Scholar] [CrossRef]

	



Skripuletz, T.; Linker, R.A.; Stangel, M. The choline pathway as a strategy to promote central nervous system (CNS) remyelination. Neural Regen. Res. 2015, 10, 1369–1370. [Google Scholar]

	



Choi, J.; Yin, T.; Shinozaki, K.; Lampe, J.W.; Stevens, J.F.; Becker, L.B.; Kim, J. Comprehensive analysis of phospholipids in the brain, heart, kidney, and liver: Brain phospholipids are least enriched with polyunsaturated fatty acids. Mol. Cell. Biochem. 2018, 442, 187–201. [Google Scholar] [CrossRef]

	



Patel, D.; Witt, S.N. Ethanolamine and Phosphatidylethanolamine: Partners in Health and Disease. Oxid. Med. Cell. Longev. 2017, 2017, 4829180. [Google Scholar] [CrossRef]

	



Freund, T.F.; Katona, I.; Piomelli, D. Role of endogenous cannabinoids in synaptic signaling. Physiol. Rev. 2003, 83, 1017–1066. [Google Scholar] [CrossRef] [PubMed]

	



Naudi, A.; Cabre, R.; Jove, M.; Ayala, V.; Gonzalo, H.; Portero-Otin, M.; Ferrer, I.; Pamplona, R. Lipidomics of human brain aging and Alzheimer’s disease pathology. Int. Rev. Neurobiol. 2015, 122, 133–189. [Google Scholar]

	



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

	



Dickson, E.J. Recent advances in understanding phosphoinositide signaling in the nervous system. F1000Research 2019, 8. [Google Scholar] [CrossRef]

	



Brown, R.E. Sphingolipid organization in biomembranes: What physical studies of model membranes reveal. J. Cell Sci. 1998, 111 Pt 1, 1–9. [Google Scholar] [CrossRef]

	



Breslow, D.K.; Weissman, J.S. Membranes in balance: Mechanisms of sphingolipid homeostasis. Mol. Cell 2010, 40, 267–279. [Google Scholar] [CrossRef]

	



Mencarelli, C.; Martinez-Martinez, P. Ceramide function in the brain: When a slight tilt is enough. Cell. Mol. Life Sci. 2013, 70, 181–203. [Google Scholar] [CrossRef]

	



Hussain, G.; Wang, J.; Rasul, A.; Anwar, H.; Imran, A.; Qasim, M.; Zafar, S.; Kamran, S.K.S.; Razzaq, A.; Aziz, N.; et al. Role of cholesterol and sphingolipids in brain development and neurological diseases. Lipids Health Dis. 2019, 18, 26. [Google Scholar] [CrossRef]

	



Jana, A.; Pahan, K. Sphingolipids in multiple sclerosis. Neuromol. Med. 2010, 12, 351–361. [Google Scholar] [CrossRef] [PubMed]

	



Bartke, N.; Hannun, Y.A. Bioactive sphingolipids: Metabolism and function. J. Lipid Res. 2009, 50, S91–S96. [Google Scholar] [CrossRef] [PubMed]

	



Blaho, V.A.; Hla, T. An update on the biology of sphingosine 1-phosphate receptors. J. Lipid Res. 2014, 55, 1596–1608. [Google Scholar] [CrossRef] [PubMed]

	



Coelho, R.P.; Saini, H.S.; Sato-Bigbee, C. Sphingosine-1-phosphate and oligodendrocytes: From cell development to the treatment of multiple sclerosis. Prostaglandins Other Lipid Mediat. 2010, 91, 139–144. [Google Scholar] [CrossRef]

	



Grassi, S.; Mauri, L.; Prioni, S.; Cabitta, L.; Sonnino, S.; Prinetti, A.; Giussani, P. Sphingosine 1-Phosphate Receptors and Metabolic Enzymes as Druggable Targets for Brain Diseases. Front. Pharmacol. 2019, 10, 807. [Google Scholar] [CrossRef]

	



Gaire, B.P.; Bae, Y.J.; Choi, J.W. S1P1 Regulates M1/M2 Polarization toward Brain Injury after Transient Focal Cerebral Ischemia. Biomol. Ther. 2019, 27, 522–529. [Google Scholar] [CrossRef]

	



Gaire, B.P.; Song, M.R.; Choi, J.W. Sphingosine 1-phosphate receptor subtype 3 (S1P3) contributes to brain injury after transient focal cerebral ischemia via modulating microglial activation and their M1 polarization. J. Neuroinflam. 2018, 15, 284. [Google Scholar] [CrossRef]

	



Mendelson, K.; Evans, T.; Hla, T. Sphingosine 1-phosphate signalling. Development 2014, 141, 5–9. [Google Scholar] [CrossRef] [PubMed]

	



Tabata, H. Diverse subtypes of astrocytes and their development during corticogenesis. Front. Neurosci. 2015, 9, 114. [Google Scholar] [CrossRef]

	



Chung, W.S.; Allen, N.J.; Eroglu, C. Astrocytes Control Synapse Formation, Function, and Elimination. Cold Spring Harb. Perspect. Biol. 2015, 7, a020370. [Google Scholar] [CrossRef]

	



Mederos, S.; Gonzalez-Arias, C.; Perea, G. Astrocyte-Neuron Networks: A Multilane Highway of Signaling for Homeostatic Brain Function. Front. Synaptic Neurosci. 2018, 10, 45. [Google Scholar] [CrossRef]

	



Tabernero, A.; Lavado, E.M.; Granda, B.; Velasco, A.; Medina, J.M. Neuronal differentiation is triggered by oleic acid synthesized and released by astrocytes. J. Neurochem. 2001, 79, 606–616. [Google Scholar] [CrossRef]

	



Polo-Hernandez, E.; Tello, V.; Arroyo, A.A.; Dominguez-Prieto, M.; de Castro, F.; Tabernero, A.; Medina, J.M. Oleic acid synthesized by stearoyl-CoA desaturase (SCD-1) in the lateral periventricular zone of the developing rat brain mediates neuronal growth, migration and the arrangement of prospective synapses. Brain Res. 2014, 1570, 13–25. [Google Scholar] [CrossRef] [PubMed]

	



Aizawa, F.; Nishinaka, T.; Yamashita, T.; Nakamoto, K.; Koyama, Y.; Kasuya, F.; Tokuyama, S. Astrocytes Release Polyunsaturated Fatty Acids by Lipopolysaccharide Stimuli. Biol. Pharm. Bull. 2016, 39, 1100–1106. [Google Scholar] [CrossRef] [PubMed]

	



Lauritzen, L.; Brambilla, P.; Mazzocchi, A.; Harslof, L.B.; Ciappolino, V.; Agostoni, C. DHA Effects in Brain Development and Function. Nutrients 2016, 8, 6. [Google Scholar] [CrossRef]

	



Joffre, C.; Rey, C.; Laye, S. N-3 Polyunsaturated Fatty Acids and the Resolution of Neuroinflammation. Front. Pharmacol. 2019, 10, 1022. [Google Scholar] [CrossRef]

	



Begum, G.; Kintner, D.; Liu, Y.; Cramer, S.W.; Sun, D. DHA inhibits ER Ca2+ release and ER stress in astrocytes following in vitro ischemia. J. Neurochem. 2012, 120, 622–630. [Google Scholar] [CrossRef]

	



Das, M.; Das, S. Docosahexaenoic Acid (DHA) Induced Morphological Differentiation of Astrocytes Is Associated with Transcriptional Upregulation and Endocytosis of beta2-AR. Mol. Neurobiol. 2019, 56, 2685–2702. [Google Scholar] [CrossRef] [PubMed]

	



Tallima, H.; El Ridi, R. Arachidonic acid: Physiological roles and potential health benefits—A review. J. Adv. Res. 2018, 11, 33–41. [Google Scholar] [CrossRef]

	



Mishra, A.; Reynolds, J.P.; Chen, Y.; Gourine, A.V.; Rusakov, D.A.; Attwell, D. Astrocytes mediate neurovascular signaling to capillary pericytes but not to arterioles. Nat. Neurosci. 2016, 19, 1619–1627. [Google Scholar] [CrossRef] [PubMed]

	



Ferris, H.A.; Perry, R.J.; Moreira, G.V.; Shulman, G.I.; Horton, J.D.; Kahn, C.R. Loss of astrocyte cholesterol synthesis disrupts neuronal function and alters whole-body metabolism. Proc. Natl. Acad. Sci. USA 2017, 114, 1189–1194. [Google Scholar] [CrossRef] [PubMed]

	



Brown, M.S.; Goldstein, J.L. Cholesterol feedback: From Schoenheimer’s bottle to Scap’s MELADL. J. Lipid Res. 2009, 50, S15–S27. [Google Scholar] [CrossRef] [PubMed]

	



Bechler, M.E.; Byrne, L.; Ffrench-Constant, C. CNS Myelin Sheath Lengths Are an Intrinsic Property of Oligodendrocytes. Curr. Biol. 2015, 25, 2411–2416. [Google Scholar] [CrossRef]

	



Kuhn, S.; Gritti, L.; Crooks, D.; Dombrowski, Y. Oligodendrocytes in Development, Myelin Generation and Beyond. Cells 2019, 8, 1424. [Google Scholar] [CrossRef] [PubMed]

	



Williams, K.A.; Deber, C.M. The structure and function of central nervous system myelin. Crit. Rev. Clin. Lab. Sci. 1993, 30, 29–64. [Google Scholar] [CrossRef] [PubMed]

	



Poitelon, Y.; Kopec, A.M.; Belin, S. Myelin Fat Facts: An Overview of Lipids and Fatty Acid Metabolism. Cells 2020, 9, 812. [Google Scholar] [CrossRef] [PubMed]

	



Simons, M.; Nave, K.A. Oligodendrocytes: Myelination and Axonal Support. Cold Spring Harb. Perspect. Biol. 2015, 8, a020479. [Google Scholar] [CrossRef]

	



Dimas, P.; Montani, L.; Pereira, J.A.; Moreno, D.; Trotzmuller, M.; Gerber, J.; Semenkovich, C.F.; Kofeler, H.C.; Suter, U. CNS myelination and remyelination depend on fatty acid synthesis by oligodendrocytes. Elife 2019, 8, e44702. [Google Scholar] [CrossRef]

	



Chrast, R.; Saher, G.; Nave, K.A.; Verheijen, M.H. Lipid metabolism in myelinating glial cells: Lessons from human inherited disorders and mouse models. J. Lipid Res. 2011, 52, 419–434. [Google Scholar] [CrossRef] [PubMed]

	



Sherry, D.M.; Hopiavuori, B.R.; Stiles, M.A.; Rahman, N.S.; Ozan, K.G.; Deak, F.; Agbaga, M.P.; Anderson, R.E. Distribution of ELOVL4 in the Developing and Adult Mouse Brain. Front. Neuroanat. 2017, 11, 38. [Google Scholar] [CrossRef]

	



Fu, R.; Shen, Q.; Xu, P.; Luo, J.J.; Tang, Y. Phagocytosis of microglia in the central nervous system diseases. Mol. Neurobiol. 2014, 49, 1422–1434. [Google Scholar] [CrossRef]

	



Li, Q.; Barres, B.A. Microglia and macrophages in brain homeostasis and disease. Nat. Rev. Immunol. 2018, 18, 225–242. [Google Scholar] [CrossRef]

	



Nayak, D.; Roth, T.L.; McGavern, D.B. Microglia development and function. Annu. Rev. Immunol. 2014, 32, 367–402. [Google Scholar] [CrossRef]

	



Hong, S.; Gronert, K.; Devchand, P.R.; Moussignac, R.L.; Serhan, C.N. Novel docosatrienes and 17S-resolvins generated from docosahexaenoic acid in murine brain, human blood, and glial cells. Autacoids in anti-inflammation. J. Biol. Chem. 2003, 278, 14677–14687. [Google Scholar] [CrossRef] [PubMed]

	



De Lucia, C.; Rinchon, A.; Olmos-Alonso, A.; Riecken, K.; Fehse, B.; Boche, D.; Perry, V.H.; Gomez-Nicola, D. Microglia regulate hippocampal neurogenesis during chronic neurodegeneration. Brain Behav. Immun. 2016, 55, 179–190. [Google Scholar] [CrossRef] [PubMed]

	



Sierra, A.; Encinas, J.M.; Deudero, J.J.; Chancey, J.H.; Enikolopov, G.; Overstreet-Wadiche, L.S.; Tsirka, S.E.; Maletic-Savatic, M. Microglia shape adult hippocampal neurogenesis through apoptosis-coupled phagocytosis. Cell Stem Cell 2010, 7, 483–495. [Google Scholar] [CrossRef]

	



Leyrolle, Q.; Laye, S.; Nadjar, A. Direct and indirect effects of lipids on microglia function. Neurosci. Lett. 2019, 708, 134348. [Google Scholar] [CrossRef]

	



Grajchen, E.; Hendriks, J.J.A.; Bogie, J.F.J. The physiology of foamy phagocytes in multiple sclerosis. Acta Neuropathol. Commun. 2018, 6, 124. [Google Scholar] [CrossRef] [PubMed]

	



Orihuela, R.; McPherson, C.A.; Harry, G.J. Microglial M1/M2 polarization and metabolic states. Br. J. Pharmacol. 2016, 173, 649–665. [Google Scholar] [CrossRef]

	



Park, H.J.; Oh, S.H.; Kim, H.N.; Jung, Y.J.; Lee, P.H. Mesenchymal stem cells enhance alpha-synuclein clearance via M2 microglia polarization in experimental and human parkinsonian disorder. Acta Neuropathol. 2016, 132, 685–701. [Google Scholar] [CrossRef]

	



Wermeling, F.; Karlsson, M.C.; McGaha, T.L. An anatomical view on macrophages in tolerance. Autoimmun. Rev. 2009, 9, 49–52. [Google Scholar] [CrossRef] [PubMed]

	



Button, E.B.; Mitchell, A.S.; Domingos, M.M.; Chung, J.H.; Bradley, R.M.; Hashemi, A.; Marvyn, P.M.; Patterson, A.C.; Stark, K.D.; Quadrilatero, J.; et al. Microglial cell activation increases saturated and decreases monounsaturated fatty acid content, but both lipid species are proinflammatory. Lipids 2014, 49, 305–316. [Google Scholar] [CrossRef]

	



Duffy, C.M.; Xu, H.; Nixon, J.P.; Bernlohr, D.A.; Butterick, T.A. Identification of a fatty acid binding protein4-UCP2 axis regulating microglial mediated neuroinflammation. Mol. Cell. Neurosci. 2017, 80, 52–57. [Google Scholar] [CrossRef]

	



Valdearcos, M.; Robblee, M.M.; Benjamin, D.I.; Nomura, D.K.; Xu, A.W.; Koliwad, S.K. Microglia dictate the impact of saturated fat consumption on hypothalamic inflammation and neuronal function. Cell Rep. 2014, 9, 2124–2138. [Google Scholar] [CrossRef]

	



Yanguas-Casas, N.; Crespo-Castrillo, A.; de Ceballos, M.L.; Chowen, J.A.; Azcoitia, I.; Arevalo, M.A.; Garcia-Segura, L.M. Sex differences in the phagocytic and migratory activity of microglia and their impairment by palmitic acid. Glia 2018, 66, 522–537. [Google Scholar] [CrossRef] [PubMed]

	



Nadjar, A. Role of metabolic programming in the modulation of microglia phagocytosis by lipids. Prostaglandins Leukot. Essent. Fatty Acids 2018, 135, 63–73. [Google Scholar] [CrossRef] [PubMed]

	



Bogie, J.F.J.; Grajchen, E.; Wouters, E.; Corrales, A.G.; Dierckx, T.; Vanherle, S.; Mailleux, J.; Gervois, P.; Wolfs, E.; Dehairs, J.; et al. Stearoyl-CoA desaturase-1 impairs the reparative properties of macrophages and microglia in the brain. J. Exp. Med. 2020, 217, e20191660. [Google Scholar] [CrossRef]

	



Prinz, M.; Tay, T.L.; Wolf, Y.; Jung, S. Microglia: Unique and common features with other tissue macrophages. Acta Neuropathol. 2014, 128, 319–331. [Google Scholar] [CrossRef]

	



Batista-Gonzalez, A.; Vidal, R.; Criollo, A.; Carreno, L.J. New Insights on the Role of Lipid Metabolism in the Metabolic Reprogramming of Macrophages. Front. Immunol. 2019, 10, 2993. [Google Scholar] [CrossRef] [PubMed]

	



Wei, X.; Song, H.; Yin, L.; Rizzo, M.G.; Sidhu, R.; Covey, D.F.; Ory, D.S.; Semenkovich, C.F. Fatty acid synthesis configures the plasma membrane for inflammation in diabetes. Nature 2016, 539, 294–298. [Google Scholar] [CrossRef] [PubMed]

	



Talamonti, E.; Pauter, A.M.; Asadi, A.; Fischer, A.W.; Chiurchiu, V.; Jacobsson, A. Impairment of systemic DHA synthesis affects macrophage plasticity and polarization: Implications for DHA supplementation during inflammation. Cell. Mol. Life Sci. 2017, 74, 2815–2826. [Google Scholar] [CrossRef]

	



Kohli, P.; Levy, B.D. Resolvins and protectins: Mediating solutions to inflammation. Br. J. Pharmacol. 2009, 158, 960–971. [Google Scholar] [CrossRef]

	



Chamani, S.; Bianconi, V.; Tasbandi, A.; Pirro, M.; Barreto, G.E.; Jamialahmadi, T.; Sahebkar, A. Resolution of Inflammation in Neurodegenerative Diseases: The Role of Resolvins. Mediat. Inflamm. 2020, 2020, 3267172. [Google Scholar] [CrossRef]

	



Zahoor, I.; Giri, S. Specialized Pro-Resolving Lipid Mediators: Emerging Therapeutic Candidates for Multiple Sclerosis. Clin. Rev. Allergy Immunol. 2021, 60, 147–163. [Google Scholar] [CrossRef]

	



Murphy, M.P.; LeVine, H., 3rd. Alzheimer’s disease and the amyloid-beta peptide. J. Alzheimers Dis. 2010, 19, 311–323. [Google Scholar] [CrossRef]

	



Wang, J.; Gu, B.J.; Masters, C.L.; Wang, Y.J. A systemic view of Alzheimer disease—Insights from amyloid-beta metabolism beyond the brain. Nat. Rev. Neurol. 2017, 13, 703. [Google Scholar] [CrossRef]

	



Qi, G.; Mi, Y.; Shi, X.; Gu, H.; Brinton, R.D.; Yin, F. ApoE4 Impairs Neuron-Astrocyte Coupling of Fatty Acid Metabolism. Cell Rep. 2021, 34, 108572. [Google Scholar] [CrossRef]

	



Zarate, R.; El Jaber-Vazdekis, N.; Tejera, N.; Perez, J.A.; Rodriguez, C. Significance of long chain polyunsaturated fatty acids in human health. Clin. Transl. Med. 2017, 6, 25. [Google Scholar] [CrossRef] [PubMed]

	



Amtul, Z.; Uhrig, M.; Wang, L.; Rozmahel, R.F.; Beyreuther, K. Detrimental effects of arachidonic acid and its metabolites in cellular and mouse models of Alzheimer’s disease: Structural insight. Neurobiol. Aging 2012, 33, 831.e21–831.e31. [Google Scholar] [CrossRef]

	



Norwitz, N.G.; Saif, N.; Ariza, I.E.; Isaacson, R.S. Precision Nutrition for Alzheimer’s Prevention in ApoE4 Carriers. Nutrients 2021, 13, 1362. [Google Scholar] [CrossRef]

	



Touboul, D.; Gaudin, M. Lipidomics of Alzheimer’s disease. Bioanalysis 2014, 6, 541–561. [Google Scholar] [CrossRef] [PubMed]

	



Astarita, G.; Jung, K.M.; Vasilevko, V.; Dipatrizio, N.V.; Martin, S.K.; Cribbs, D.H.; Head, E.; Cotman, C.W.; Piomelli, D. Elevated stearoyl-CoA desaturase in brains of patients with Alzheimer’s disease. PLoS ONE 2011, 6, e24777. [Google Scholar] [CrossRef]

	



Uto, Y. Recent progress in the discovery and development of stearoyl CoA desaturase inhibitors. Chem. Phys. Lipids 2016, 197, 3–12. [Google Scholar] [CrossRef] [PubMed]

	



Patil, S.; Chan, C. Palmitic and stearic fatty acids induce Alzheimer-like hyperphosphorylation of tau in primary rat cortical neurons. Neurosci. Lett. 2005, 384, 288–293. [Google Scholar] [CrossRef]

	



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

	



Zhao, Y.; Calon, F.; Julien, C.; Winkler, J.W.; Petasis, N.A.; Lukiw, W.J.; Bazan, N.G. Docosahexaenoic acid-derived neuroprotectin D1 induces neuronal survival via secretase- and PPARgamma-mediated mechanisms in Alzheimer’s disease models. PLoS ONE 2011, 6, e15816. [Google Scholar]

	



Fonteh, A.N.; Cipolla, M.; Chiang, J.; Arakaki, X.; Harrington, M.G. Human cerebrospinal fluid fatty acid levels differ between supernatant fluid and brain-derived nanoparticle fractions, and are altered in Alzheimer’s disease. PLoS ONE 2014, 9, e100519. [Google Scholar] [CrossRef]

	



Mhyre, T.R.; Boyd, J.T.; Hamill, R.W.; Maguire-Zeiss, K.A. Parkinson’s disease. Subcell. Biochem. 2012, 65, 389–455. [Google Scholar] [PubMed]

	



Fanning, S.; Haque, A.; Imberdis, T.; Baru, V.; Barrasa, M.I.; Nuber, S.; Termine, D.; Ramalingam, N.; Ho, G.P.H.; Noble, T.; et al. Lipidomic Analysis of alpha-Synuclein Neurotoxicity Identifies Stearoyl CoA Desaturase as a Target for Parkinson Treatment. Mol. Cell 2019, 73, 1001–1014.e8. [Google Scholar] [CrossRef]

	



Mori, F.; Tanji, K.; Yoshimoto, M.; Takahashi, H.; Wakabayashi, K. Demonstration of alpha-synuclein immunoreactivity in neuronal and glial cytoplasm in normal human brain tissue using proteinase K and formic acid pretreatment. Exp. Neurol. 2002, 176, 98–104. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, S.Y.; Trombetta, L.D. The induction of amyloid precursor protein and alpha-synuclein in rat hippocampal astrocytes by diethyldithiocarbamate and copper with or without glutathione. Toxicol. Lett. 2004, 146, 139–149. [Google Scholar] [CrossRef]

	



Papadopoulos, D.; Ewans, L.; Pham-Dinh, D.; Knott, J.; Reynolds, R. Upregulation of alpha-synuclein in neurons and glia in inflammatory demyelinating disease. Mol. Cell. Neurosci. 2006, 31, 597–612. [Google Scholar] [CrossRef]

	



Fernandez-Irigoyen, J.; Cartas-Cejudo, P.; Iruarrizaga-Lejarreta, M.; Santamaria, E. Alteration in the Cerebrospinal Fluid Lipidome in Parkinson’s Disease: A Post-Mortem Pilot Study. Biomedicines 2021, 9, 491. [Google Scholar] [CrossRef]

	



Alecu, I.; Bennett, S.A.L. Dysregulated Lipid Metabolism and Its Role in alpha-Synucleinopathy in Parkinson’s Disease. Front. Neurosci. 2019, 13, 328. [Google Scholar] [CrossRef]

	



De Franceschi, G.; Frare, E.; Pivato, M.; Relini, A.; Penco, A.; Greggio, E.; Bubacco, L.; Fontana, A.; de Laureto, P.P. Structural and morphological characterization of aggregated species of alpha-synuclein induced by docosahexaenoic acid. J. Biol. Chem. 2011, 286, 22262–22274. [Google Scholar] [CrossRef] [PubMed]

	



Lee, P.H.; Lee, G.; Paik, M.J. Polyunsaturated fatty acid levels in the cerebrospinal fluid of patients with Parkinson’s disease and multiple system atrophy. Mov. Disord. 2008, 23, 309–310. [Google Scholar] [CrossRef] [PubMed]

	



Vincent, B.M.; Tardiff, D.F.; Piotrowski, J.S.; Aron, R.; Lucas, M.C.; Chung, C.Y.; Bacherman, H.; Chen, Y.; Pires, M.; Subramaniam, R.; et al. Inhibiting Stearoyl-CoA Desaturase Ameliorates alpha-Synuclein Cytotoxicity. Cell Rep. 2018, 25, 2742–2754.e31. [Google Scholar] [CrossRef]

	



Popescu, B.F.; Pirko, I.; Lucchinetti, C.F. Pathology of multiple sclerosis: Where do we stand? Continuum 2013, 19, 901–921. [Google Scholar] [CrossRef]

	



Corthals, A.P. Multiple sclerosis is not a disease of the immune system. Q. Rev. Biol. 2011, 86, 287–321. [Google Scholar] [CrossRef]

	



Ferreira, H.B.; Neves, B.; Guerra, I.M.; Moreira, A.; Melo, T.; Paiva, A.; Domingues, M.R. An overview of lipidomic analysis in different human matrices of multiple sclerosis. Mult. Scler. Relat. Disord. 2020, 44, 102189. [Google Scholar] [CrossRef] [PubMed]

	



Nogueras, L.; Gonzalo, H.; Jove, M.; Sol, J.; Gil-Sanchez, A.; Hervas, J.V.; Valcheva, P.; Gonzalez-Mingot, C.; Solana, M.J.; Peralta, S.; et al. Lipid profile of cerebrospinal fluid in multiple sclerosis patients: A potential tool for diagnosis. Sci. Rep. 2019, 9, 11313. [Google Scholar] [CrossRef]

	



Hayes, C.E.; Ntambi, J.M. Multiple Sclerosis: Lipids, Lymphocytes, and Vitamin D. Immunometabolism 2020, 2, e200019. [Google Scholar]

	



Calder, P.C. Omega-3 fatty acids and inflammatory processes. Nutrients 2010, 2, 355–374. [Google Scholar] [CrossRef]

	



Chen, S.; Zhang, H.; Pu, H.; Wang, G.; Li, W.; Leak, R.K.; Chen, J.; Liou, A.K.; Hu, X. n-3 PUFA supplementation benefits microglial responses to myelin pathology. Sci. Rep. 2014, 4, 7458. [Google Scholar] [CrossRef]

	



Sedel, F.; Bernard, D.; Mock, D.M.; Tourbah, A. Targeting demyelination and virtual hypoxia with high-dose biotin as a treatment for progressive multiple sclerosis. Neuropharmacology 2016, 110 Pt B, 644–653. [Google Scholar] [CrossRef]

	



Leuti, A.; Maccarrone, M.; Chiurchiu, V. Proresolving Lipid Mediators: Endogenous Modulators of Oxidative Stress. Oxid. Med. Cell. Longev. 2019, 2019, 8107265. [Google Scholar] [CrossRef]

	



Kooij, G.; Troletti, C.D.; Leuti, A.; Norris, P.C.; Riley, I.; Albanese, M.; Ruggieri, S.; Libreros, S.; van der Pol, S.M.A.; van Het Hof, B.; et al. Specialized pro-resolving lipid mediators are differentially altered in peripheral blood of patients with multiple sclerosis and attenuate monocyte and blood-brain barrier dysfunction. Haematologica 2020, 105, 2056–2070. [Google Scholar] [CrossRef]

	



Federico, A.; Cardaioli, E.; Da Pozzo, P.; Formichi, P.; Gallus, G.N.; Radi, E. Mitochondria, oxidative stress and neurodegeneration. J. Neurol. Sci. 2012, 322, 254–262. [Google Scholar] [CrossRef]

	



Kim, G.H.; Kim, J.E.; Rhie, S.J.; Yoon, S. The Role of Oxidative Stress in Neurodegenerative Diseases. Exp. Neurobiol. 2015, 24, 325–340. [Google Scholar] [CrossRef] [PubMed]

	



Cui, H.; Kong, Y.; Zhang, H. Oxidative stress, mitochondrial dysfunction, and aging. J. Signal Transduct. 2012, 2012, 646354. [Google Scholar] [CrossRef]

	



Seifar, F.; Khalili, M.; Khaledyan, H.; Amiri Moghadam, S.; Izadi, A.; Azimi, A.; Shakouri, S.K. alpha-Lipoic acid, functional fatty acid, as a novel therapeutic alternative for central nervous system diseases: A review. Nutr. Neurosci. 2019, 22, 306–316. [Google Scholar] [CrossRef] [PubMed]

	



Dietrich, M.; Helling, N.; Hilla, A.; Heskamp, A.; Issberner, A.; Hildebrandt, T.; Kohne, Z.; Kury, P.; Berndt, C.; Aktas, O.; et al. Early alpha-lipoic acid therapy protects from degeneration of the inner retinal layers and vision loss in an experimental autoimmune encephalomyelitis-optic neuritis model. J. Neuroinflam. 2018, 15, 71. [Google Scholar] [CrossRef] [PubMed]

	



Nair, R.R.; Koivisto, H.; Jokivarsi, K.; Miinalainen, I.J.; Autio, K.J.; Manninen, A.; Poutiainen, P.; Tanila, H.; Hiltunen, J.K.; Kastaniotis, A.J. Impaired Mitochondrial Fatty Acid Synthesis Leads to Neurodegeneration in Mice. J. Neurosci. 2018, 38, 9781–9800. [Google Scholar] [CrossRef]

	



De Araujo, D.P.; Lobato Rde, F.; Cavalcanti, J.R.; Sampaio, L.R.; Araujo, P.V.; Silva, M.C.; Neves, K.R.; Fonteles, M.M.; Sousa, F.C.; Vasconcelos, S.M. The contributions of antioxidant activity of lipoic acid in reducing neurogenerative progression of Parkinson’s disease: A review. Int. J. Neurosci. 2011, 121, 51–57. [Google Scholar] [CrossRef] [PubMed]

	



Maczurek, A.; Hager, K.; Kenklies, M.; Sharman, M.; Martins, R.; Engel, J.; Carlson, D.A.; Munch, G. Lipoic acid as an anti-inflammatory and neuroprotective treatment for Alzheimer’s disease. Adv. Drug Deliv. Rev. 2008, 60, 1463–1470. [Google Scholar] [CrossRef] [PubMed]

	



Waslo, C.; Bourdette, D.; Gray, N.; Wright, K.; Spain, R. Lipoic Acid and Other Antioxidants as Therapies for Multiple Sclerosis. Curr. Treat. Options Neurol. 2019, 21, 26. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 08159 g001 550] 





Figure 1. Scheme of FA synthesis in mammals. FAs are elongated (ELOVL1–7) and/or desaturated (SCD, FADS) to generate complex FAs. Long chain saturated FAs (LCSFA) and unsaturated FAs of ω9 and ω7 can be synthesized from palmitic acid (PA, C16:0) produced by the de novo FA synthesis. Long-chain unsaturated FAs of the ω6 and ω3 series can only be synthesized from essential diet-derived FAs (OA, oleic acid; NA, nervonic acid; ALA, α-linolenic acid; DHA, docosahexaenoic acids; LA, linoleic acid; ARA, arachidonic acid). 
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Figure 2. Functions of FA synthesized by glial cells. 
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