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    The Central Nervous System is undeniably one of the most complex systems of the body. Neuroscientists all over the world are busy exploring this fascinating mystery of the biological system. There has been a tremendous increase in our knowledge about the brain, spinal cord, and peripheral system during the last couple of decades. Yet we still learn something new every day about the multifold obscurities of the nervous system.




    The present book is an effort to inform our readers with the new milestones being explored and uncovered every day in the field of neuroscience. The six chapters cover state of the art cutting-edge contributions from eminent leaders in the field. Chapter 1 covers the role of fatty acid amides as new potential therapeutic agents to treat multiple sclerosis; chapter 2 highlights the use of machine learning techniques to detect epileptic seizures; chapter 3 outlines the present and future directions about the essential tremor neurodegeneration in essential tremor; chapter 4 presents the potential therapeutic role of the melatoninergic system to treat epilepsy and comorbid depression; chapter 5 evaluates how the transgenic model of drosophila is being used to model neurodegenerative diseases, and chapter 6 summarizes the importance of genetic basis in stroke as the potential drug target. In brief, each chapter covers a wide-ranging, analytically evaluated body of work such as pathogenesis, therapeutic evidence, targets, and mechanisms of action of therapeutics to treat brain disorders in a very compelling way.




    I believe that this book will be of considerable interest for both experienced scientists from the neuroscience community as well as for beginners in the field.




    I am grateful for the timely efforts made by the editorial personnel, especially Mr. Mahmood Alam (Director Publications), and Mrs. Salma Sarfaraz (Senior Manager Publications) at Bentham Science Publishers.
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      Abstract




      Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous system (CNS) frequently starting in young adulthood. However, the pathogenesis of the progressive disease phase is still not well-understood, and the inflammation as well as the mechanisms of demyelination and tissue damage is currently being discussed. The available drugs approved in the treatment of different clinical forms of MS prevent the relapses, alleviate the symptoms only partially and slow progression of the disease; however, none of these treatments is capable in stopping the MS clinical course. Moreover, approved MS treatments lead to unpredictable adverse effects associated with a range from mild (such as flu-like symptoms, fatigue, liver transaminase elevation, stomach pain or irritation at an injection site) to serious (such as bradycardia or progressive multifocal leukoencephalopathy). It is time to revise the MS drug development strategy by relying on our endogenous defense mechanisms. Endogenous fatty acid amides (FAAs) are a family of structurally different molecules found in mammalian systems. These compounds include anandamide, oleoylethanolamide and palmitoylethanolamide; research preclinical and clinical reported anti-inflammatory and neuroprotective activity of FAAs making them an alternative therapeutic approach in neurological disorders. In consideration that an endogenous compound able in the control of endogenous defense mechanisms can assume extraordinary importance, this chapter includes a discussion on current approved drugs in MS, and on pharmacological properties of FAAs that may play a promising role in complementing of medication approved for use in MS.
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      INTRODUCTION




      Patients living with multiple sclerosis (MS) experience symptoms that negatively affect their quality of life (QOL) when the central nervous system (CNS) disease disrupts nerve signal transmission. It is crucial to supply those who suffer from these symptoms with therapeutic treatments that facilitate healing. Due to the complexity and disease burden of MS, a multidisciplinary management approach that combines pharmacologic and integrative non-pharmacologic therapies is urgently required to provide patients with rapid and effective care.


    




    

      Medical Overview of Multiple Sclerosis




      Multiple sclerosis (MS) is an inflammatory, autoimmune, demyelinating disease of the central nervous system (CNS) characterized by focal lesions (called plaques) disseminated within of multiple CNS regions. Magnetic resonance imaging (MRI) can accurately detect the demyelinating lesions in white matter (WM), which can be used to provide the clinical diagnosis. The concept that MS is an inflammatory demyelinating disease of WM was established about 50 years ago; recent advances in immunohistochemical staining and MRI sequences have allowed establishing that the focal demyelinating plaques can also damage the grey matter (GM) [1]. Although the MS onset usually occurs in young adults between 20-45 years of age [2], recent clinical studies report MS diagnosis in children and adolescents [3]. MS typically affects young adults, with an initial demyelinating event between 20 years and 40 years of age [3] and has a higher prevalence in women, although it has estimated that more than 10% of persons affected have a history of MS signs or symptoms onset before age 18 [4]. The relapsing-remitting (RR) is the most common clinical form of MS characterized by new attacks (relapses or exacerbations) or a worsening of pre-existing neurologic symptoms associated with a damage of CNS area, followed by periods of partial or complete recovery (remissions). Following this clinical phase, more than half of RR-MS patients switch into a secondary-progressive clinical form of MS (SP-MS), characterized by a worsening of neurological functions (accumulation of disability) independent of acute attack [5]. SP-MS form is characterized by either active phase (with relapses and/or new contrast-enhancing lesion captured by MRI) or not active phase, as well as clinical progression (evidence of disease worsening on an objective measure of change over time, with or without relapses) or without clinical progression. MS patients (approximately 10%) can also experience a disease course characterized by worsening neurologic functions (accumulation of disability) from the onset of symptoms without early relapses or remissions; this clinical condition is defined as primary progressive of MS (PP-MS). Patients affected by progressive MS clinical forms may also exhibit occasional relapses; this subtype of clinical form is classified as progressive-relapsing MS (PR-MS), whereby relapse occurs alongside progression of the disease. Actually, it is still unknown whether MS has a single or multiple causes; nevertheless, factors genetic [6], exposure to virus [7], low exposure to vitamin D [8] may be among the potential causes of MS-related disease activity. Emerging evidence through experimental autoimmune encephamomyelitis (EAE) model, the most commonly used experimental model of MS, has revealed that components of the intestinal microbiome may be involved in autoimmune response, and along this line evidence for a similar cause is beginning to emerge in MS patients [9]. The scientific community is aware that actually non-curative treatment can stop the disease activity as well as the progression of MS. Although, as on December 2017 the Food and Drug Administration (FDA) has approved 15 disease-modifying treatments (DMTs), these medications attenuate the severity of relapse-related effects, and slow but not stop the disability progression. In addition, with the increasing number of medications approved by the FDA, has also increased the risk and the severity of side effects during the treatment. Therefore, the research of new medications capable to rest or slow the MS progression with minimal side effect is becoming increasingly necessary. The current knowledge about the endogenous role of fatty acid amides (FAAs) is taking into consideration the potentiality and effectiveness of this class of neuromodulatory lipids including endogenous cannabinoid N-arachidonoyl ethanolamine (anandamide; AEA), N-palmitoylethanolamine (PEA) and N-oleoylethanolamine (OEA) as therapeutic agents. This chapter highlights the preclinical and clinical outcomes of FAAs making them a promising complementary therapy to the medications currently approved for the treatment of MS-related symptoms.


    




    

      Pathogenesis of Multiple Sclerosis




      Actually the exact pathogenesis of MS is still unknown; however the demyelination event is characterized by a lymphocytic (mainly T helper cells) infiltration from periphery to CNS, microglia activation to demyelination and axonal degeneration [10]. Once into the CNS, T- lymphocytes can be reactivated by local professional antigen presenting cells (APCs) like macrophages, microglia and dendritic cells, which are present in human and mouse CNS lesions [11-13]. The lymphocytic presence within lesions and bordering areas suggests that inflammatory destruction in MS is driven not only by antigen-specific targeting of myelin, but also by other CNS components like oligodendrocytes, axons, nerve cells and astrocytes [12]. How T-cells become abnormally activated toward CNS antigens remains unclear. In addition to T cells, B cells and their products are involved in the pathogenesis of MS; indeed, it has long been recognized that B cells differentiate into plasma cells to produce antibody molecules closely modeled after the receptors of the precursor B cell. Once released into the blood and lymph node, these antibody molecules bind to the target antigen (foreign substance) and initiate its neutralization or destruction [14, 15]. The presence of these polyclonal antibodies in the cerebrospinal fluid of MS patients is known as oligoclonal bands. The target of these class of antibodies is not yet fully known; however, genetic factors can influence MS pathogenesis susceptibility. Studies of families and twin have shown a 40-fold increased susceptibility among first-degree relatives of MS patients suggesting a genetic basis [16]. Recent studies performed in children and adolescents with MS were focused on the issue of infectious etiology; among the pathogens possibly involved are human herpes virus type 6, Epstein Barr virus, and mycoplasma pneumonia [17].


    




    

      White Matter Plaque




      The WM plaques are detected in predilection sites notably around the ventricles [18]; others predilection sites include the optic nerve and subpial spinal cord [19]. Histologic inspection has also reported WM plaques show poorly defined borders [20]. The WM plaques are defined like chronic and acute active. Chronic plaques are frequently observed than active plaques in MS patients with a progressive phase. They are characterized by a less mononuclear cells, almost complete demyelination and severe astrogliosis [21]. While the active plaques are characterized by ongoing destruction of myelin and are heavily infiltrated by macrophages and microglial cells [22]. In addition, MRI data suggest that acute active plaques represent the pathologic substrate of new clinical attacks [23]. Neuropathological studies have reported that oligodendrocytes cells are preferentially destroyed in early acute plaque [24]; however, oligodendroglial injury is very variable with numerous oligodendrocytes present into the plaque often displaying signs of concurrent early remyelination [24]. On the basis of these specific neuropathological and pathological findings, Lucchinetti and colleagues have classified the WM plaques into four immunopatterns, suggesting that the targets of injury and mechanisms of demyelination in MS may differ between patients [25]. Although MS is considered an inflammatory demyelinating disease of the CNS, axonal injury and loss can also occur in the acute plaque and be associated with the development of permanent disability in MS patients [26, 27]. This suggests that progressive axonal loss may induce transition from RR-MS to SP-MS.


    




    

      Grey Matter Plaque




      Although MS has historically been considered a disease primarily affecting the WM of CNS, this concept has recently been revisited in light of a body of evidence (hystopathological and neuroimaging) establishing that the inflammatory demyelinating lesions can also damage the cortical grey matter (CGM). Three cortical lesion types have been described based on their morphology and location within the cortex: subpial, intra-cortical and leukocortical. Subpial lesion extends from pial surface to cortical layer three or four, or to the entire width of the cortex, and may involve several gyri. Intra-cortical lesions are small, perivascular demyelinated lesions confined within the cortex with the sparing of both superficial cortex and adjacent WM. Leukocortical lesions involve both gray and white matter at the gray matter-white matter junction. Cortical lesions (CLs) are captured using conventional MRI sequences; the introduction of recent imaging protocols using double inversion recovery (DIR) which selectively suppress the signals from cerebrospinal fluid (CSF) and WM, has improved CLs detection in MS patients [28]. The use of these sequences allow to detect the CLs not only in patients with a progressive phenotypes of MS, but also in those with RR clinical form, even at clinical onset [1]. Recent longitudinal studies have suggested a direct impact of CLs on physical and cognitive long-term disability in all MS subsets [29]. Although CLs are characterized by substantial loss of oligodendrocytes and axons, they differ markedly from WM lesions in terms of the degree and type of inflammation. Intracortical lesions typically have a very low degree of inflammation [30-32]; perivascular infiltrates are rarely found in MS cortex, and the density of infiltrating lymphocytes in pure CLs is similar to the density of infiltrating lymphocytes in normal appearing GM. Therefore, in CLs the demyelination processes may not be solely immune-mediated.


    




    

      Disease-modifying Therapies in Multiple Sclerosis




      

        Current-First-Line Treatment




        Beginning with the 1980s, copolymers and interferon were introduced in the treatment of MS; they reduced the rate of relapse with a modest effect on disability progression [33, 34]. These molecules opened the age of disease-modifying therapies (DMTs). The first turning point was in 1996 with the interferon-beta-1b (IFN-β1b) (BETASERON®), the first DMT approved for the treatment of RR-MS clinical form. IFN-β1b is a purified, sterile, lyophilized protein product produced by recombinant DNA techniques. Although, the mechanism of action of IFN-β1b is still unknown, the IFN-β1b receptor binding induces the expression of interferon-induced proteins that are responsible for the pleiotropic bioactivities of the drug. Immunomodulatory effects of IFN-β1b include the enhancement of suppressor T cell activity, reduction of proinflammatory cytokine production, down regulation of antigen presentation, and inhibition of lymphocyte trafficking into the central nervous system. In the following years, interferon-beta-1a (IFN-β1a) (Rebif®) and glatiramer acetat (GA) (Copaxone®) were approved and introduced among the DMTs. IFNs β1a appears to directly increase expression and concentration of anti-inflammatory agents while downregulating the expression of proinflammatory cytokines [35]. IFNs treatment may reduce the trafficking of inflammatory cells across the blood brain barrier (BBB) and increase nerve growth factor (NGF) production, leading to a potential increase in neuronal survival and repair. The mechanistic effects of both IFNs manifest clinically as reduced MRI lesion activity, reduced brain atrophy, increased time to reach clinically definite MS after the onset of neurological symptoms, decreased relapse rate and reduced risk of sustained disability progression. The IFN-β1a and β1a are both formulations for subcutaneous (SC) administration.




        GA is a copolymer of four amino acids existing in the myelin basic protein (MBP) administered by SC three times per week. This medication seems to block myelin-damaging T-cells through mechanisms that are still unknown. In addition, a neuroprotective effect possibly mediated by neurotrophic factors such as BDNF, has been proposed in the light of evidence from animal models [36] and in MS patients [37].




        According to current guidelines, IFNs and GA are indicated as first-line drugs for the treatment of RR-MS. Teriflunomide (Aubagio®) and dimethyl-fumarate (Tecfidera®) have been approved as for first-line therapy for RR-MS recently. Teriflunomide, as oral drug at two doses of 7 or 14 mg a once-daily in the US and at 14 mg in Europe a once-daily, inhibits proliferating lymphocytes by blocking dihydroorotate-dehydrogenase (DHODH) a mitochondrial enzyme expressed at high levels in proliferating lymphocytes [38]. Additionally, teriflunomide seems to have similar effects on the synthesis of nuclear factor kappa light chain enhancer of activated B cells (NF-κB) [39].




        Dimethylfumarate (DMF) is administrated as oral drug (120 mg) twice daily. At the beginning of the second week of treatment, the dose should be increased to the maintenance dose of 240 mg twice a day orally. Although, the exact mechanism of action has been not completely elucidated, DMF may activate a pathway involved in the cellular response to oxidative stress, which is induced by inflammation [40]. Ocrelizumab (Ocrevus®) approved in 2017, is a therapeutic monoclonal antibody that represents a different scientific approach in the treatment of RR clinical form and progressive or worsening MS [41]. It targets a type of immune cell called CD20-positive B cell that plays a key role in the disease [41]. Ocrelizumab is administered once every six months by an intravenous (IV) infusion. Finally, on March 2019 the US Food and Drug Administration (FDA) and European Medicines Agency (EMA) has approved Siponimod (Mayzent®) for the treatment of adults with relapsing forms of MS, including SP-MS with active disease and the RR-MS clinical form [42]. Siponimod is a sphingosine 1-phosphate (S1P) receptor modulator that reduces the migration of lymphocytes into the CNS binding with high affinity to S1P receptors 1 and 5, which are present in CNS cells. It blocks the lymphocytes’ capacity to move out from lymph nodes, reducing the lymphocyte count in the peripheral blood and forcing them to move into the CNS. Siponimod is available as round biconvex tablets in 0.25mg and 2mg strengths.


      




      

        Current-Second-Line Treatment




        Due to the lack of a standardized definition of treatment non-response in MS, it is often difficult when to switch from first to second line treatment. Given that relapse activity is a key clinical parameter, a switch in therapy may be required at the earliest sign of relapse activity. However, the current DMTs are unable to fully suppress relapse activity; thus, the only relapse may not be sufficient criteria to switch from first to second line treatment. Natalizumab (Tysabri®) has been the first monoclonal antibody approved for patients with active RR-MS [43, 44]. Natalizumab is designed to block a part of the inflammatory pathway in MS; indeed, the main action is to prevent lymphocytes from crossing BBB blocking adhesion molecules, and administrated in i.v. perfusion every 4 weeks [45]. In 2011 year, EMA approved Fingolimod (Gylenia®), the first once-daily oral drug, to treat highly active in RR-MS [46]. It is a selective immunosuppressant; in particular is a sphingosine1-phosphate receptor modulator that prevents the egress of autoreactive lymphocytes to leave lymphnodes, leading to a reduction of their infiltration into CNS [47]. Alemtuzumab (Lemtrada®) was approved in the EU for adult RR-MS patients with active disease defined by clinical or imaging features in 2013 [48]. Administered by intravenous infusion for five consecutive days initially and for three consecutive days one year later, represents the second monoclonal antibody after Natalizumab. Its action is directed against CD52, a cell-surface protein highly expressed on T and B lymphocytes. The binding of alemtuzumab to CD52 results in the depletion of T and B lymphocytes from the circulation through antibody-dependent cell-mediated cytolysis, complement-dependent cytolysis and induction of apoptosis [49, 50]. (Table 1) summarizes main side effects.




        

          Table 1 The most common side effects of MS DMTs approved in the US and Europe.




          

            

              

                	Treatment



                	MS Clinical Form



                	Formulation



                	Adverse effects

              




              

                	Interferon-beta-1b (IFN-β1b)



                	Relapsing -Remitting



                	Subcutaneous



                	Systemic Reactions

              




              

                	flu-like symptoms, leukopenia,

              




              

                	increased transaminase,increase of spasticity

              




              

                	Injection site reactions

              




              

                	erythema, pain, cutaneous reaction

              




              

                	Interferon-beta-1a (IFN-β1a)



                	Relapsing-Remitting



                	Intramuscular



                	Systemic Reactions

              




              

                	elevation of liver enzyme,

              




              

                	flu-like symptoms, fever, pain, muscle aches

              




              

                	Injection site reactions

              




              

                	erythema, swelling, pain

              




              

                	Glatiramer acetate



                	Relapsing-Remitting



                	Subcutaneous



                	Systemic Reactions

              




              

                	Flushing, rash, shortness of breath, chest pain

              




              

                	Injection site reactions

              




              

                	redness, warmth, swelling, itching

              




              

                	Teriflunomide



                	Relapsing -Remitting



                	Oral



                	Systemic Reactions

              




              

                	Decreased platelet count, decreased neutrophils,

              




              

                	increased gamma-glutamyltransferase,

              




              

                	hyperkalemia, lymphocytopenia

              




              

                	Dimethyl fumarate



                	Relapsing -Remitting



                	Oral



                	Systemic Reactions

              




              

                	Increased transaminase, increased serum aspartate,

              




              

                	abdominal pain, flushing, skin rash

              




              

                	Ocrelizumab



                	Primary-Progressive



                	Intravenous



                	Systemic Reactions

              




              

                	Progressive Multifocal Leukoencephalopathy,

              




              

                	hepatitis B virus reactivation,

              




              

                	weakened immune system

              




              

                	Natalizumab



                	Relapsing -Remitting



                	Intravenous



                	Systemic Reactions:

              




              

                	Progressive Multifocal Leukoencephalopathy,

              




              

                	hepatotoxicity, herpesviral encephalitis

              




              

                	Fingolimod



                	Relapsing -Remitting



                	Oral



                	Systemic Reactions

              




              

                	Slow heart rate (bradycardia or bradyarrhythmia),

              




              

                	macular edema, transaminase elevation

              




              

                	Alemtuzumab



                	Relapsing -Remitting



                	Intravenous



                	Systemic Reactions

              




              

                	Decreased white and red blood cells, bronchitis

              




              

                	thyroid gland, herpes reactivation, Listeria meningitis

              




              

                	Siponimod



                	Secondary-Progressive



                	Oral



                	Systemic Reactions

              




              

                	Increased transaminase, head pain, high blood pressure

              




              

                	slow heartbeat

              




              

                	Delta-9-tetrahydrocannabinol and cannabidiol



                	Moderate to severe spasticity due to multiple sclerosis



                	Oromucosal spray



                	Adverse events

              




              

                	Disorientation, euphoric mood,

              




              

                	dissociation

              


            

          




        




        The first oromucosal spray formulation containing Delta-9-tetrahydrocannabinol (∆9-THC)/cannabidiol (CBD) at an approximately 1:1 fixed ratio derived from cloned Cannabis sativa L. plants. Sativex® was approved in the United Kingdom in 2010 as second-line therapy for adult patients with moderate-to-severe MS-related spasticity that is resistant to first-line anti-spasticity medications. The main active substance, THC, acts as a partial agonist at human cannabinoid receptors (CB1 and CB2), and thus may modulate the effects of excitatory (glutamate) and inhibitory (gamma-aminobutyric acid) neurotransmitters. An important issue to consider is the lack of clarity about the effect of Sativex® use on cognition that may be attributable to the considerable heterogeneity among studies in terms of cannabis composition. Research indicates that ∆9-THC administration impairs cognition, particularly memory and emotional processing. Limited evidence suggests that CBD administration might improve cognition in cannabis users but not in individuals with neuropsychiatric disorders. In addition, studies indicate that some acute Δ9-THC-induced cognitive impairments may be prevented if Δ9-THC is administered in combination or following CBD treatment. Independent of these potential explanations, the lack of a clear association between cannabis use and impairments in cognition may also due to the considerable heterogeneity in recreational cannabis that participants in these studies may have been exposed, as well as the differing effects on cognition of the various chemicals found in the extract of the cannabis plant. The extract of Cannabis sativa has over 60 different cannabinoids [51], with ∆9-THC and CBD being the most prominent among them. However, while ∆9-THC is thought to be responsible for most of its psychotropic effects [52], CBD is under investigation for its potential antipsychotic effects, in opposition to the pro-psychotic effects of ∆9-THC. Some research suggests that CBD can counteract the negative effects of ∆9-THC, as investigated in both humans and animal models at a behavioral and neurochemical level [53-55]. This issue is of crucial importance considering that case-control studies suggest that the risk of development and relapse of psychosis in cannabis users depends on both frequency of use and cannabis potency, with the risk being the highest in individuals exposed on a daily basis to cannabis with a high ∆9-THC concentration, and unchanged among users of cannabis with a lower ∆9-THC concentration and a more balanced ∆9-THC:CBD ratio.


      


    




    

      Endogenous Fatty Acid Amides




      Although the immune modulating drugs continue to be the main therapy in MS, the endogenous fatty acid amides (FAAs) are being widely considered as new possible therapeutics agents in MS. FAAs represent a class of neuromodulatory lipids that includes the endocannabinoid anandamide, the “endocannabinoid-like” N-oleolylethanolamine (OEA) and N-palmitoylethanolamine (PEA). FAAs are rapidly hydrolyzed in vivo [56] by fatty acid amide hydrolase (FAAH) enzyme. Mice with a targeted disruption in the FAAH gene (FAAH(–/–) mice) [56] or those treated with FAAH inhibitors [56] are severely impaired in their ability to degrade FAAs showing hypersensitivity to the pharmacological effects of these lipids. Blockade of FAAH activity also leads to highly elevated endogenous levels of FAAs in the nervous system [56] and peripheral tissues [57] that correlate with analgesic, anxiolytic, and anti-inflammatory phenotypes [58, 59]. The two human FAAH enzymes, which share 20% sequence identity and are referred to hereafter as FAAH-1 and FAAH-2, hydrolyzed primary fatty acid amide substrates (e.g. oleamide) at equivalent rates, whereas –FAAH-1 exhibited much greater activity with N-acyl ethanolamines (e.g. anandamide). Although, the FAAH activity in mammals has been primarily attributed to a single integral membrane enzyme of the amidase signature (AS) family, Ueda and colleagues [60] identified a distinct N-acylethanolamines (NAE) hydrolase enriched in immune cells that resides in the lysosome and exhibits an acidic pH optimum. This lysosomal “acid” amidase is not an AS enzyme, but rather related to acid ceramidases. The contribution that acid amidase makes to fatty acid amide catabolism in vivo remains unknown, although the distinct inhibitor sensitivity profiles of this enzyme and FAAH-1 should allow straightforward pharmacological separation of their respective roles in living systems.


    




    

      Class of Lipid Transmitters




      Anandamide is known to modulate several biological and behavior processes [61, 62], including body temperature [63], locomotion [64] and pain perception [65]. Although, the majority of biological effects of anandamide result through its high affinity to CB1 cannabinoid receptors, a low affinity has been reported with transient receptor potential vanilloid 1 (TRPV1) [66], peroxisome proliferator-activated receptor alpha and gamma [67] and CB2 cannabinoid receptors [68]. AEA signaling is terminated through catabolism by the endoplasmic reticulum-localized FAAH enzyme [69]. Prior to reaching FAAH, lipophilic AEA requires transport through the aqueous cytosol. To date, several intracellular AEA binding proteins have been identified such as fatty acid binding proteins (FABPs), Hsp70, and most recently FAAH-like anandamide transporter (FLAT) [69]. OEA is a monounsaturated analogue, and functional antagonist of anandamide which, acting through mechanisms independent of CB1 receptors, might be involved in the regulation of different pathophysiological aspects of appetite and metabolism regulation. Indeed, several studies reveal that trough a high affinity with the PPAR-α [70], OEA controls the expression of several genes involved in fat absorption and fatty acid metabolism, to activate hypothalamic oxytocinergic neurons and to inhibit further eating [71]. The hydrolytic cleavage of OEA is catalyzed by FAAH enzyme [72]. PEA has attracted much attention because it exerts a local anti-injury function through a down-modulation of mast cells and protects neurons from excitotoxicity through several mechanisms. In particular, PEA through a PPARα-dependent mechanism, and G protein-coupled receptor 55 (GPR55) [73] exerts anti-inflammatory, analgesic, and neuroprotective actions [74, 75]. PPAR-α actually seems to be the main molecular target involved in the anti(neuro)inflammatory effects of PEA. When activated by a ligand, PPAR-α forms a heterodimer with 9-cis-retinoic acid receptor (RXR) able to interact with specific DNA sequences in the promoter regions of selective genes, thus leading to complex anti-inflammatory responses. The PEA synthesis occurs from phospholipids through the sequential actions of N-acyltransferase and N-acylphosphatidylethanolamine-preferring phospholipase D (NAPE-PLD), and its actions are terminated by its hydrolysis by FAAH and N-acylethanolamine-hydrolysing acid amidase (NAAA) [76]. Probably due to the fact that PEA is an endogenous modulator as well as a compound in food, such as eggs and milk, no serious side effects have been reported, nor have drug-drug interactions. This has allowed making it as an ideal candidate as adjuvant therapy in various clinical trials in neurological disorders [77], and neuropathic pain [78, 79].


    




    

      Endogenous Fatty Acid Amides in Multiple Sclerosis




      

        Preclinical and Clinical Evidence




        

          Anandamide




          How MS or experimental autoimmune encephalomyelitis (EAE) animal model perturb the FAAs concentration is still under discussion. However, the use of selective inhibitors of the cellular uptake of AEA, such as OMDM1 and OMDM2, showed an increase of AEA concentration into spinal cord of Theiler’s murine encephalomyelitis virus-induced demyelinating disease (TMEV-IDD) [80], a viral model of MS where the persistent infection leads in susceptible strain of mice to a T-cell mediated acute disease resembling encephalomyelitis followed by late chronic demyelinating disease [81]. Several studies reported that macrophages/microglia infected with TMEV increased their production of AEA [82] and the selective use of AEA inhibitor (UCM-707) showed a decrease of severity of symptoms in TMEV-IDD model with a decrease also of microglia activation and immune cellular infiltration [83]. This bioactive lipid has been also observed to inhibit human Th-1 and Th-17 cells [84] and reduce interleukin IL-23 and IL-12 release by microglial cells by a mechanism that engages endogenous production of the protective cytokine IL-10 [85, 86]. Increased levels of AEA were also detected in the brains of EAE mice during the acute phase of the disease, possibly accounting for its anti-excitotoxic action in this disorder [87]. On the other hand, because AEA can bind to the TRPV1 ion channel [86], which activation may negatively affect neuronal survival? In clinical studies, in line with the data observed in preclinical experiment, a significant alteration of AEA concentration was reported in MS patients. In inflammatory lesions of patients with active MS and in lesions of patients with silent MS, a higher concentration of AEA found in comparison to healthy controls [87]. In keeping with these results, Centonze et al, have highlighted the importance of AEA concentrations increased into CSF and in peripheral lymphocytes of RR-MS patients, and in active lesions than in quiescent lesions of MS patients [85].


        




        

          Oleoylethanolamide




          Several authors have reported that OEA is a potent anti-inflammatory and antioxidant compound that exerts neuroprotective effects through PPARα [88, 89]. Paying special attention on neuroinflammation topic in MS, some authors have highlighted that systemic administration of OEA is able to cross the BBB reaching the brain rapidly exerting an antiinflammatory effect [78, 90]. The antiinflammatory action of OEA is related to its PPARα agonist within the brain; since activation of this nuclear receptor has been shown to induce changes in inflammatory-related genes by repressing the nuclear factors NF-κB and AP-1 [91, 92]. Although no clinical trial have not been perform to assess the OEA proprieties in MS, levels of OEA were significantly elevated in SPMS plasma and in patients with MRI gadolinium-enhancing (Gd+) lesions [93].


        




        

          Palmitoylethanolamide




          In chronic models of MS such as chronic relapsing experimental autoimmune encephalomyelitis (CREAE), myelin oligodendrocyte glycoprotein-induced experimental autoimmune encephalomyelitis (MOG-EAE), and TMEV-IDD have been assessed the therapeutic effects of PEA. In addition, it was observed that the exogenous administration of PEA leaded to an ameliorated spasticity or motor deficits in mice with CREAE or TMEV-IDD [94], and reduced the severity of neurobehavioral scores in mice with MOG-induced EAE [84]. Furthermore, the expression of inflammatory cytokines was greatly reduced by PEA both in TMEV-IDD and MOG-induced EAE mice [95], and these effects were accompanied by decreased of demyelination and axonal damage [96]. These data have drawn conclusions that levels of exogenous PEA might be helpful to compensate or amplify the endogenous defense mechanism deployed by the T-cells or tissues to counteract neurodegenerative and neuro-inflammatory processes. Given its poor water solubility, large particle size in the native state, and possibly short-lived action, PEA might have limitations in terms of solubility and bioavailability. In fact, PEA is almost insoluble in water, while its solubility in most other aqueous solvents is very poor with a partition coefficient (log P) estimated to be > 5 [97]. It has recently been demonstrated that the administration of a new formulation including PEA, and the antioxidant compound luteolin (Lut) [98, 99] subjected to an ultramicronization process (co-ultraPEALut) when compared to either molecule alone or in simple combination, exerts superior anti-inflammatory action improving neurological outcome in experimental models of MS. Based on these intriguing findings, several pre-clinical studies have been addressed to establish the effects of co-ultraPEALut on expression of different myelin proteins in oligodendrocyte progenitor cells suggesting. The new PEA-formulation might stimulate the maturation of undifferentiated oligodendrocyte precursor cells (OPCs) in vitro [100] and promote remyelination in mouse models of MS [99]. PEA-containing products (Normast®, Glialia®, Nevamast®, Adolene®, Visimast®, Mastocol®, and Pelvilen®) are already licensed for use in humans (generally 1,200 mg/day) as a nutraceutical, food supplement, or food for medical purposes depending on the country. To the best of our knowledge, current clinical studies of PEA are mostly related to pain or peripheral inflammatory-related conditions, while there are very few studies aimed at evaluating the possible beneficial effects of PEA on CNS-related pathologies in human beings. Initially it was observed that endogenous levels of PEA increased in the plasma of SP-MS [86]; another study report endogenous levels of PEA increased in the plasma of SP and RR-MS clinical form [106]. Significantly reduced levels was found in the cerebrospinal fluid (CSF) of patients with MS compared to control, with lower levels detected in the secondary progressive subtype [93]. A clinical study reported that PEA is a safe drug with a well-known toxicological profile and it can be can as orally administered to reduce the cutaneous adverse effects of interferon-1a, and circulating proinflammatory cytokines in RR-MS [78]. The relevance of results from models for MS pathogenesis has been validated [101-104] using also a formulation of micronized and ultramicronized N-palmitoylethanolamine [105] obtaining particles with a defined size profile completely different and statistically lower (6–10 μm at most) in comparison to naïve PEA (in the 100–700 μm range). The new PEA formulation has also allowed to enhance the dissolution rate of drug and reduce its variability of absorption when orally administered.
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