

  pharmaceuticals-15-00475




pharmaceuticals-15-00475







Pharmaceuticals 2022, 15(4), 475; doi:10.3390/ph15040475




Review



Levetiracetam Mechanisms of Action: From Molecules to Systems



Itzel Jatziri Contreras-García 1,†, Noemí Cárdenas-Rodríguez 2,†[image: Orcid], Antonio Romo-Mancillas 3[image: Orcid], Cindy Bandala 4,5, Sergio R. Zamudio 6, Saúl Gómez-Manzo 7[image: Orcid], Beatriz Hernández-Ochoa 8, Julieta Griselda Mendoza-Torreblanca 2,*[image: Orcid] and Luz Adriana Pichardo-Macías 6,*





1



Laboratorio de Fisiología, Escuela Militar de Graduados de Sanidad, Ciudad de México 11200, Mexico






2



Laboratorio de Neurociencias, Subdirección de Medicina Experimental, Instituto Nacional de Pediatría, Ciudad de México 04530, Mexico






3



Laboratorio de Diseño Asistido por Computadora y Síntesis de Fármacos, Facultad de Química, Universidad Autónoma de Querétaro, Centro Universitario, Querétaro 76010, Mexico






4



Neurociencia Básica, Instituto Nacional de Rehabilitación LGII, Secretaría de Salud, Ciudad de México 14389, Mexico






5



Escuela Superior de Medicina, Instituto Politécnico Nacional, Ciudad de México 11340, Mexico






6



Departamento de Fisiología, Escuela Nacional de Ciencias Biológicas, Instituto Politécnico Nacional, Ciudad de México 07738, Mexico






7



Laboratorio de Bioquímica Genética, Instituto Nacional de Pediatría, Secretaría de Salud, Ciudad de México 04530, Mexico






8



Laboratorio de Inmunoquímica, Hospital Infantil de México Federico Gómez, Secretaría de Salud, Ciudad de México 06720, Mexico









*



Correspondence: julietamt14@hotmail.com (J.G.M.-T.); lpichardom@ipn.mx (L.A.P.-M.); Tel.: +52-55-1084-0900 (ext. 1441) (J.G.M.-T.)






†



These authors contributed equally to this work.









Academic Editor: Giuseppe Biagini



Received: 18 February 2022 / Accepted: 6 April 2022 / Published: 13 April 2022



Abstract

:

Epilepsy is a chronic disease that affects millions of people worldwide. Antiepileptic drugs (AEDs) are used to control seizures. Even though parts of their mechanisms of action are known, there are still components that need to be studied. Therefore, the search for novel drugs, new molecular targets, and a better understanding of the mechanisms of action of existing drugs is still crucial. Levetiracetam (LEV) is an AED that has been shown to be effective in seizure control and is well-tolerable, with a novel mechanism of action through an interaction with the synaptic vesicle protein 2A (SV2A). Moreover, LEV has other molecular targets that involve calcium homeostasis, the GABAergic system, and AMPA receptors among others, that might be integrated into a single mechanism of action that could explain the antiepileptogenic, anti-inflammatory, neuroprotective, and antioxidant properties of LEV. This puts it as a possible multitarget drug with clinical applications other than for epilepsy. According to the above, the objective of this work was to carry out a comprehensive and integrative review of LEV in relation to its clinical uses, structural properties, therapeutical targets, and different molecular, genetic, and systemic action mechanisms in order to consider LEV as a candidate for drug repurposing.
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1. Introduction


Approximately 50 million people worldwide [1] are affected by epilepsy. It is a chronic neurological disorder characterized by the presence of spontaneous and recurrent seizures caused by hyperactivity and the abnormal synchronization of neurons [2] that results in neuronal damage, inflammation, and the generation of reactive oxygen species (ROS). According to the International League Against Epilepsy (ILAE), epileptic seizures are classified as focal-onset, generalized-onset, and unknown-onset seizures (previously known as partial and generalized seizures) [3]. Hence, the choice of an appropriate drug treatment varies according to the different types of seizures.



Antiepileptic drugs (AEDs; also named antiseizure drugs) efficiently control seizures, but only in about 2/3 of people with epilepsy [4]; moreover, during the last few years it has become clear that the current way of treating epilepsy with AEDs that only controls seizures is insufficient, since it does not cover the comorbidities that epileptic patients present [5,6]. These facts have motivated the search for novel drugs with new mechanisms of action that could be more effective and have a more tolerable side effect profile. Among these, levetiracetam (LEV) stands out from other AEDs due to its novel and main mechanism of action through the interaction with the synaptic vesicle protein 2A (SV2A) [7,8,9].



LEV was approved in the early 2000s as an antiepileptic drug in both the United States and the European Union, rapidly reaching the 200,000 patient-year usage milestone by the end of 2002. LEV is a second-generation anticonvulsant drug that has demonstrated a better tolerability and an improved efficiency compared other AEDs; thus, it has gradually become a first-choice drug [10]. Even though the main use of LEV is as an AED, other clinical applications such as an anti-hyperalgesic and anti-inflammatory, and in neuropathic pain have been tested, showing promising potential [11,12,13,14]. Several analogous of LEV have been developed, notably brivaracetam (BRIV), which is currently available on the market, but many other molecules have not reached commercialization [15,16,17].



A vast number of studies have reported many other molecular targets, besides the SV2A protein, through which LEV can exert its action directly or indirectly [18,19,20]. Additionally, important evidence has shown that LEV has anti-ictogenic, antiepileptogenic, neuroprotective, anti-inflammatory, and antioxidant effects [6,21,22,23,24]. Recently, LEV has been catalogued as a multitarget drug with interesting properties that are able to address some of the current necessities in epilepsy and in other conditions [25]. According to this, the objective of this work was to perform a comprehensive and integrative review that explains the diverse aspects of LEV such as its clinical uses and effectiveness in clinical trials, structural properties, analogous, therapeutical targets, and systemic mechanisms of action in order to consider to LEV as a candidate for drug repurposing.




2. Methods


An exhaustive search was carried out in the following databases: Medline (via PubMed), Scopus, Science Direct, Clarivate, Google Scholar, and Clinical Trials. The bibliographic sources were selected using the following keywords alone or in combination: “Levetiracetam”, “LEV”, “drug”, “antiepileptic drug”, “racetams”, ”resistance”, “pharmaco-resistance”, “TLE”, “antiepileptogenic”, “anti-ictogenic”, “anti-inflammatory”, “temporal lobe epilepsy”, “GABA”, “GABA system”, “glutamate”, “glutamate system”, “receptor”, “pain”, “calcium”, “calcium signaling”, “calcium channels”, “SV2A”, “molecular”, ”biochemical”, “genetic”, ”genetic risk”, ”polymorphisms”, “mutation”, “mechanism”, “neuron”, ”excitotoxicity”, “oxidative markers”, “oxidative stress”, “antioxidant enzymes”, and “neuroprotection“. A total of 306 bibliographic sources, ranging from the year 1985 to February 2022 were use d. The number of articles by year of publication is listed below: 1985 (2), 1989 (1), 1992 (2), 1993 (1), 1994 (1), 1995 (2), 1996 (1), 1997 (1), 1998 (2), 1999 (3), 2000 (5), 2001 (7), 2002 (9), 2003 (7), 2004 (7), 2005 (7), 2006 (7), 2007 (9), 2008 (15), 2009 (10), 2010 (19), 2011 (12), 2012 (9), 2013 (15), 2014 (9), 2015 (13), 2016 (17), 2017 (15), 2018 (16), 2019 (21), 2020 (28), 2021 (30), and 2022 (3) of which 232 were experimental scientific articles, 62 review articles, 4 meta-analyses, 2 book chapters, and 6 web pages.



2.1. Inclusion Criteria


Experimental and review scientific articles indexed in the above electronic databases were included. For clinical studies: scientific publications which included individuals of all ages (neonatal, infants, teenagers, young adults, and adults), women and men treated with LEV alone or as an add-therapy and when the effect of LEV was evaluated in the human subjects. For preclinical studies, the following criteria were used: scientific publications from murine models (in vivo and in vitro) in which LEV was administered alone or in combination with other AEDs by any administration pathway (intravenous, intraperitoneal (i.p.), intragastric, intrahippocampal, via-miniosmotic bombs) and that the LEV effect was evaluated in the model studied.



In the case of epileptic animal models, we considered any model of epilepsy (pharmacological or electrical) at any stage of the disease (acute, epileptogenesis, or chronic phase). The establishment of the illness had to be demonstrated by behavioral seizures and/or electroencephalogram (EEG).




2.2. Exclusion Criteria


Bibliographic sources referring to normal subjects or patients with pharmacological treatment who do not have LEV within their treatment scheme. Scientific publications of experimental studies of epilepsy in rodents in the gestational stage. Scientific publications of experimental studies of epilepsy in rodents with pharmacological treatment that did not contain LEV.





3. Clinical Indications in Epilepsy


Nowadays, LEV is a broad-spectrum drug used alone and along with other medications for both focal-onset and generalized-onset seizures control [26]. In 1999, the U.S. Food and Drug Administration (FDA) approved the use of the oral formulation as an adjunctive therapy for the treatment of focal-onset seizures, myoclonic seizures, and generalized-onset [27]. An intravenous LEV formulation was approved in 2006 for use in patients as an adjunctive anticonvulsant therapy when oral administration was temporarily not feasible [28]. In Europe, the European Medicines Agency (EMA) approved its use in 2000 for the treatment of focal-onset seizures and focal to bilateral tonic-clonic seizures (previously known as partial seizures and partial seizures secondary generalized, respectively) as a single agent, and as an add-on treatment for focal-onset seizures, myoclonic seizures, and generalized-onset tonic-clonic seizures [29]. LEV has also shown good efficacy in patients with reflex seizures (for a review see [30]) and is probably the best new AED for the treatment of juvenile myoclonic epilepsy because of a high and sustained efficacy [31].



Of the first clinical studies that demonstrated the antiepileptic effect of LEV, one of them was conducted by Cereghino and colleagues; they found in a 38-week multicenter double-blind, randomized clinical trial that adjunctive therapy with LEV 1000 mg/day or 3000 mg/day both reduced the frequency of seizures in patients with refractory partial epilepsy. The study consisted of a 12-week, single-blind, placebo baseline period; a 4-week double-blind drug titration period; a 14-week double-blind treatment period; and an 8-week double-blind study medication withdrawal period [32,33]. Similarly, in a European randomized, double-blind, controlled trial, where LEV was evaluated for 12 weeks as an add-on therapy at doses of 1000 (500 mg twice daily) and 2000 mg/day (1000 mg twice daily) against the placebo in patients with refractory epilepsy, the results showed a reduction in seizure frequency in 22.8% of patients in the 1000 mg group and 31.6% of patients in the 2000 mg group, compared with 10.4% of patients in the placebo group [34]. Finally, a multicenter, randomized, double-blind study by Ben-Menachem and Falter compared a maintenance dose of 3000 mg LEV daily for 12 weeks with an add-on placebo in 286 patients (placebo, n = 105; LEV, n = 181) at 47 sites in patients aged 16–70 years old with difficult-to-treat focal epilepsies. From 181 LEV patients, 36 were chosen for conversion to the monotherapy phase. The results from the monotherapy group showed a reduction in focal-onset frequency and nine patients (18.4%) even remained seizure-free, which suggests that the conversion to LEV monotherapy (1500 mg twice daily) is effective and well tolerated in patients with refractory focal-onset seizures who responded to 3000 mg/day LEV as an add-on therapy [35].



Encouraging results have also been found in children and pediatric epileptic patients. Generalized-onset tonic-clonic seizures are a common type of seizure in childhood epilepsy, and treatment with LEV has shown favorable results in pediatric patients with this class of seizures [36]. A good clinical response to LEV was also seen in early-onset genetic epilepsy in both term and preterm infants [37,38]. Furthermore, LEV has been shown to be safe and effective for seizure prophylaxis in pediatric patients receiving busulfan, an antineoplastic agent that produces generalized-onset tonic-clonic seizures as a side effect [39]. In an open-label study of adjunctive LEV therapy (at 20–40 mg/kg/day) in children (aged 6–12 years) with treatment-resistant focal-onset seizures, LEV protocols (4-week baseline, 6-week titration phase an 8-week evaluation phase) were effective, safe, and well tolerated [40]. In infants and young children (1 month to <4 years) with focal-onset seizures inadequately controlled with one or two AEDs, LEV as an adjunctive therapy (40.5–50.5 mg/kg/day) was effective and well tolerated [41]. Finally, in a recent clinical trial conducted in 54 epileptic children (aged 2 to 15 years), with epileptic discharges in EEG and clinical seizures controlled with valproate, LEV (50 mg/kg) was added to the therapy to reduce EEG abnormalities. The results indicate that both groups (valproate alone and combined with LEV) reduced the severity of epileptic discharges. However, the addition of LEV normalized EEG faster [42].



Status epilepticus (SE) is an emergency condition characterized by long-term seizures in which seizures lasting more than 30 min can be fatal [43]; benzodiazepines have been used as a first-line treatment for this condition. Interestingly, in meta-analysis studies, LEV was found to be significantly effective for seizure cessation in patients with SE [44,45]. Based on this kind of evidence, LEV has been considered as a first option for second-line therapy in the treatment of SE (for a review see [46]). It is also a preferred agent due to a favorable adverse effect profile [47].



LEV is available in oral and intravenous formulations; the dose and indications as monotherapy for focal-onset seizures and focal to bilateral tonic-clonic seizures are 500 mg twice daily up to a maximum of 3 g/day. LEV (1000–3000 mg/day) has been shown to be an effective AED for both adults and children with generalized or focal-onset refractory seizures [48]. In newborns, the usual dose of LEV has been reported between 20 and 60 mg/kg/day for the treatment of neonatal seizures [49]. Moreover, in AED-naive infants and children with idiopathic generalized-onset tonic-clonic seizures, oral LEV (20–60 mg/kg/day) had a favorable 6-month treatment outcome with complete seizure control in 80.64% of patients [36].



In patients under hospitalization, treatment with LEV (500–2000 mg/day) was found to be effective in three main conditions requiring intravenous administration: SE, repetitive acute seizures, and postoperative seizures [50]. The intravenous formulation has been approved for patients 16 years of age and older; however, off-label use in children for the management of acute seizures has produced positive results [51].



Although LEV has no known serious adverse effects on organ systems, even at high-dose regimens [52], and has fewer drug-related adverse reactions than other common AEDs [53], some adverse effects have been reported (for a review see [54]). Most of them are on the central nervous system, such as somnolence, asthenia/fatigue, dizziness, hyperactivity, irritability, aggression, anxiety, depression, and rarely psychosis and suicidal thoughts [55,56,57,58,59].



On other systems, hypotension and respiratory depression were the most common adverse effects of LEV in neonates [49]. Gastrointestinal reactions such as vomiting, nausea and anorexia have also been reported [50,59,60]. Additionally, hematologic adverse effects (thrombocytopenia, eosinophilia, and rarely pancytopenia) have been reported with the use of LEV [61,62]. LEV treatment can promote infections such as pharyngitis, nasopharyngitis, and rhinitis [48,54,55]. Finally, other less frequent reactions have been reported with the use of LEV; for example, hepatic dysfunction, rhabdomyolysis, and a reduction in sperm parameters without altering sex hormone levels [63,64,65].




4. Other Clinical Applications


LEV has been found to have a myriad of clinical uses not only as an AED. Several studies have shown the promising potential of the anti-hyperalgesic and anti-inflammatory alternative [12]. LEV has been implicated in several studies in the management of neuropathic pain. Rossi et al. and Falah et al. reported the beneficial effects of LEV (3000 mg/day for 6 weeks) in the control of central neuropathic pain symptoms in patients with multiple sclerosis (MS) [13,14]. Brighina et al. reported that LEV (dosage of 1000 mg/day for 6 months) could improve pain in patients with migraines [66]. Hamza et al. reported the effectiveness of LEV (initially received LEV 500 mg twice a day for 2 weeks, increasing to 750 mg twice day for 2 weeks, and then to 1500 mg twice a day) in the reduction in pain in chronic lumbar radiculopathy [67].



LEV as an AED secondarily impacts on the treatment of motor disorders. In this sense, several researchers have tested this effect in other pathologies that present an abnormal motor component. Awaad et al. evaluated the effects of LEV on a vocal tic in children and adolescents with tics and Tourette syndrome. The initial starting dose of LEV was 250 mg/day. The dosage was titrated over 3 weeks to 1000 to 2000 mg/day [68]. The researchers concluded that LEV may be useful in treating tics in children and adolescents. Solaro et al. performed a multicenter, randomized, double-blind, placebo controlled, crossover study evaluating the efficacy of LEV on cerebellar signs and symptoms in (MS) patients, using a kinematic analysis. The intervention in this study consisted of three phases: first, treatment for 3 weeks with LEV or placebo; secondly, a 2-week wash-out phase; thirdly, after crossover, treatment for 3 weeks with LEV or placebo. Specifically, a digitally generated randomization algorithm with a 1:1 distribution and with no blocks was performed to allocate subjects into two groups: group 1, LEV treatment, wash-out, placebo treatment; group 2, placebo treatment, wash-out, LEV treatment. In each phase, the daily drug regimen started with a dose of 500 mg of LEV or with identical placebo capsules. The study incorporated a titration phase for LEV treatment in which the dose was increased at 3-day intervals until the maximum daily dose of 3000 mg was reached. They found that LEV (daily drug regimen started with a dose of LEV 500 mg) was effective on upper limb movement in MS patients with cerebellar signs [69]. Another preliminary study performed by Solaro et al. had similar results with a daily dose of 1500 mg LEV [70]. D’Amelio et al. reported a marked improvement on movement disorders in a 74-year-old woman with hemichorea after LEV treatment (the treatment started with 250 mg/day, seven days later the dosage was increased up to 250 mg twice a day till remission of choreic movements) [71]. Other reports have found that LEV (250 mg/day) is an option for the treatment of Sydenham chorea movement disorders in children because of the tolerability and safety profile [72,73].



Wang et al. reported that LEV (dosage of 60 mg/kg/day and a therapeutic course of 6 months) improved behavioral and cognitive functions in pediatric patients with autism spectrum disorder [74]. Deriaz et al. reported that LEV in a dose of 2 g/day over two weeks controlled de self-injurious behavior (including bruising of the limbs and biting of the tongue and lips) in a patient with pervasive developmental disorders, severe intellectual disability, and seizures, and the symptoms disappeared with no recurrence 2 years later [75]. Their results reinforced other findings related to the reduction in stress, anxiety, and panic by LEV [75,76,77]. In obsessive-compulsive disorder, LEV is recommended in a dose of 1500 mg/day [78]. Recently, Esang et al. reported evidence that LEV could reduce the risk of developing suicide-related behavior and suicidal ideation in patients who have psychiatric illness history, traumatic brain injury, or a history of substance abuse, and uncontrolled epilepsy or seizures. The LEV doses and/or duration reported in the analyzed studies were 500 mg, 1000 mg, and 3000 mg for epilepsy (n = 517), 500 mg/twice/day (previously 250 mg twice/day) for depression (n = 23), 2000 mg twice/day (previously 1000 mg/day) for alcohol dependence (n = 66), 1500 mg twice/day for bipolar disorder (n = 41), 500 mg/twice/during 2 days for a brain abnormality (n = 16), and 1000 mg/day during 25 days for suicidal ideations (n = 50) [79]. Müller et al. showed the efficacy and safety of LEV (dosage regime between 500 and 4000 mg/day for a maximum of 7 days) for outpatient alcohol detoxification; alcohol withdrawal syndrome decreased over 5 days after treatment that included LEV [80]. Furthermore, Jabbarli et al. reported through a meta-analysis a summary of the evidence on the value of AED for a glioblastoma prognosis. The authors observed that LEV could have an antitumor effect in glioblastoma and showed that perioperative treatment with LEV might improve the prognosis of glioblastoma patients associated with epilepsy (overall survival, HR = 0.83, 95%CI = 0.71–0.97, p = 0.02; progression-free survival, HR = 0.77, 95%CI = 0.62–0.96, p = 0.02). LEV was associated with longer overall survival (median: 12.8 vs. 8.77 months, p < 0.0001) and progression-free survival (7 vs. 4.5 months, p = 0.001) [81]. A randomized, double-blind, placebo-controlled study has shown LEV (500 mg/day to 3000 mg/day or placebo for 12 weeks) to be effective for tardive dyskinesia [82]. Kakisaka et al. also reported a clinical case where LEV (250 mg/day for two days) improved multiple chemical sensitivity disorder [83]. Plus, the use of LEV has been proposed for eclampsia management in pregnancy (administered as 1 g loading dose followed by 500 mg intravenously bd in 10 cases) and in Charles Bonnet syndrome (administered 500 mg twice a day for 1 day and after a dosage up to 750 mg twice for 1 day and the hallucinations completely disappeared) [84,85].



Finally, LEV presents an effect in an uncommon disorder, cyclic vomiting syndrome. This is an uncommon pathology characterized by recurrent, stereotypical episodes of vomiting separated by symptom-free intervals. Clinical studies have shown in adult patients and elderly patients that LEV (initial dose was 500 mg/day and increased in 500 mg increments, n a twice daily dosing regimen, to a median dose of 1000 mg per day) is effective for prophylaxis against cyclic vomiting syndrome episodes [86,87].



All the above show that LEV is a promising drug for the treatment of a wide variety of pathologies and several symptoms independent of epilepsy and seizures as evidenced in the previous paragraphs. LEV repositioning needs further research that not only focuses on clinical trials but also describes the molecular mechanisms of action in these pathologies.




5. Generalities, Chemical Structure, and Analogous


LEV (S-enantiomer pyrrolidine derivative of α-ethyl-2-oxo-1-pyrrolidine acetamide IUPAC, (S)-2-(2- oxopyrrolidin- 1-yl) butanamide) is a white to off-white crystalline powder that has a faint odor and a bitter taste. The molecular formula of LEV is C8H14N2O2, its molecular weight is 170.21, and it is water soluble. LEV has multiple advantages such as its nearly complete bioavailability and a binding protein that is less than 20% and does not affect the protein binding of other drugs [15]. In addition, LEV shows rapid and unrestricted diffusion through the blood–brain barrier (BBB) and its elimination half-life is 9 h. LEV is not metabolized in the liver, which makes it useful in patients with hepatic dysfunction and it is independent of the hepatic cytochrome P450 (CYP450) system; it is primarily excreted unchanged in the urine and 24% is metabolized into an inactive metabolite [15].



LEV is the S-enantiomer of the ethyl analog of piracetam [88] (Figure 1A). Although piracetam is a nootropic drug, LEV does not show significant nootropic effects; however, it was evaluated in epilepsy models since piracetam exhibited efficacy in the treatment of photo paroxysmal responses and myoclonus [15]. Based on the differences in the pharmacological effects between piracetam and LEV, it was not easy to establish structure–activity relationships (SAR), despite the common characteristic of 2-oxopyrrolidine ring as the central moiety. In the preliminary SAR studies, it was highlighted that the ethyl derivative of piracetam (etiracetam) had a distinctive pharmacological profile that led to its development as an anticonvulsant, while structural modifications to the 2-oxopyrrolidine ring resulted in different compounds of which only a few reached clinical stages as nootropics [89].



From the beginning of LEV development, some structurally close analogs were synthesized since they showed a high correlation between the affinity to the “LEV binding site” (LBS; see below) and protection against epileptic seizures. The first efforts to establish SAR of LEV analogs was through the modification of the carboxamide group with analogs such as carboxylic acids, nitriles, amidines, and thioamides. The N-substituted amides and variation of the chiral center present in this part of the molecule were also tested, highlighting the importance of the presence of the carboxamide group and the absolute configuration S in the substituent at position 1 of 2-oxopyrrolidine (Figure 1B). In addition, the low tolerance to substitution in positions 3 and 5, the affinity enhancement with hydrophobic substituents in position 4, and the maintenance of oxygen in position 2 underline the importance of the substitution pattern in the 2-oxopyrrolidine ring [16]. These molecular modifications were correlated to the fact that the bioactive conformation would form intramolecular hydrogen bonds between the 2-oxopyrrolidine and the carboxamide group, as well as to the lesser manifestation of severe toxic effects [16] (Figure 1B).



As part of the optimization process for anticonvulsant racetams, additional modifications were made to the 2-oxopyrrolidine ring. For example, because of the replacement of the central structure by indolones, the (S)-2-(5-chloro-2-oxoindolin-1-yl) propanamide was found, which had a better pharmacokinetic profile, fewer metabolic incidences, an affinity 100 times greater than LEV, as well as an improvement in its pharmacology on in vivo models; this molecule was patented but not further developed by UCB. The structural change in this molecule highlighted the importance of position 4, the size of the chain, and the chirality of the group present in position 1 of 2-oxopyrrolidine [90] (Figure 1C). Alternatively, molecules with a completely different central scaffold than the 2-oxopyrrolidine moiety, such as UCB-1244283 ((4-(3,5-dimethylphenyl)-N-(2-methoxy phenyl)-3-methylbutanamide) have been proposed. It is a positive allosteric modulator of UCB-30889 (a LEV analogue; Figure 1A), with a clear protective effect against both tonic and clonic convulsions, but only after intracerebroventricular administration because it is highly insoluble in water [91].



As a consequence of SAR studies, BRIV, the 4-(R)-propyl LEV analog, emerged as an promising antiepileptic candidate [16]; later, seletracetam appeared, which was a 4-(R)-2,2-difluoroethenyl LEV analog with a 10-fold greater affinity for SV2A than LEV [92] (Figure 1A). Seletracetam was related to the increase in short-term depression in in vitro models. Then, towards the end of the 2000s, the development of seletracetam was halted, but BRIV was successfully brought to the market [93]. Another related compound that initially showed anticonvulsant potential was phenylpiracetam, the 4-phenyl piracetam analog. It was evaluated in clinical phases for epilepsy, but it was only available in Russia as a general stimulant in 2017 [94]. Interestingly, another antiepileptic candidate of recently development was padsevonil, which integrated the pharmacophoric characteristics of ligands related to SV2A and the gamma-aminobutyric acid A receptors (GABAA) [95,96]. Padsevonil (Figure 1A) maintained the central nucleus of 2-oxopyrrolidine, but the insertion of hydrophobic alkyl group in position 4 and a heterocycle in position 1, resulted in both a greater affinity to SV2A than LEV and a moderately high affinity (pIC50 < 6.1) to recombinant GABAA receptors [97]. Unlike LEV, padsevonil displayed a high affinity among the different isoforms of the SV2 protein (SV2A, SV2B and SV2C) and showed a greater effect in blocking seizures in various epilepsy animal models than LEV and BRIV [17]. However, by mid-2020, UCB reported that in a phase 2b study in drug-resistant focal epilepsy patients, padsevonil did not reach statistical significance for either of the primary endpoints; thus, its development program was terminated despite its good pharmacological and safety profiles [98]. Despite this setback, the discovery, design, and development of molecules with both pre and postsynaptic targets is still an interesting approach for new antiepileptic compounds.




6. Levetiracetam Binding Site (LBS)


Since 1995, the presence of a specific LBS that could be involved in the anticonvulsant properties of LEV has been investigated; photoaffinity labeling studies determined that UCB-30889 (the LEV analog with a 30-fold greater affinity for SV2A) was bound to a protein of ~90 kDa. This protein was only detected in brain structures but not in peripheral tissue and was abundant in synaptic plasma membranes and in the synaptic vesicle fractions [99,100,101]. This placed SV2 proteins as the primary candidates [102]. Several studies demonstrated that UCB 30889 did not bind to brain membranes and purified SVs from mice lacking SV2A, indicating that SV2A is necessary for LEV binding. Moreover, UCB 30889 bound to SV2A but not to SV2B or SV2C proteins expressed in fibroblasts, indicating that SV2A is sufficient for LEV binding [9].



Currently, there is no doubt that LEV binds in a saturable, reversible, and stereospecific manner to SV2A in both rat and human brains; this is also true for its structural analogs [9,103]. Mutagenesis studies, molecular models, and molecular dynamics simulations have allowed important SV2A residues relevant for the LBS and its intermolecular interactions to be identified. Shi et al. found 14 residues that, when mutated, alter the binding of LEV to SV2A, they were: F277A, W300A, W300F, Y462A, K694A, G303A, F658A, V661A, I663A, W666A, N667A, S294A, M301A, and G659A [104]. Later, Lee et al. using two conformational states of the in silico model of SV2A, observed two additional residues, W454 and D670, that may contribute to LBS [105]. Finally, Correa-Basurto et al. identified additional hydrophobic and hydrogen bond interactions with T456, S665, and L689 (besides W454 and D670), which may be important for ligand recognition within the LSB and support the putative LBS observed previously [106] where the residues found by single aminoacid mutants [104] are distributed in a large volume which comprises the sites found by molecular modeling [105,106] (Figure 2). Moreover, by means of radioligand binding assays, it has been suggested that LEV and BRIV could have a different binding site or favor different conformational states of the SV2A protein [107], with the subsequent identification of the outward SV2A conformation relevant for differential binding of LEV (Ile273, Lys694, and Ser294) and BRIV (Lys694) [108]. Moreover, studies with the UCB-1244283 (SV2A positive allosteric modulator) indicated that the SV2A protein contains multiple interacting binding sites [91]. Thus, there is still a wide field of opportunities for the study of the molecular behavior of SV2A–ligand interactions (Figure 2).




7. Molecular Mechanism


As mentioned above, different lines of evidence suggest that SV2A modulation constitutes the primary mechanism of action of LEV. However, other targets, for example, Alpha-Amino-3-Hidroxy-5-Methyl-4-Isoxazole Propionic Acid (AMPA), noradrenaline, adenosine, and serotonin receptors, or those involved in calcium homeostasis, the gamma-aminobutyric acid (GABA) system, and intracellular pH regulation may contribute to the effects of LEV.



7.1. Synaptic Vesicle Protein 2A (SV2A)


SV2A is an integral membrane protein found in the vesicles of almost all synaptic terminals. In the synaptic vesicle cycle, several functions in both exocytosis and endocytosis processes have been attributed to SV2A. During exocytosis, the SV2A protein might function first as a target for residual Ca2+ (Figure 3); by means of paired pulses and the repetitive stimulation of 2 and 10 Hz in SV2A/SV2B double knockout (DKO) neurons, an increase was observed in the synaptic response (relative facilitation) with subsequent progressive depression. Such a facilitation was reversed in all frequencies by incubating DKO neurons with slow calcium buffer egtazic acid (EGTA), indicating that the difference in synaptic response was mostly due to the accumulation of residual Ca2+ [109,110,111]. Second, as a facilitator of the progression to the release-competent state in the vesicular priming (Figure 3). SV2A knockout (KO) or SV2A/SV2B DKO hippocampal neurons, as well as knockdown presynaptic SV2A in superior cervical ganglion neurons, resulted in a decrease in neurotransmitter release and a reduced size of the readily releasable pool (RRP) of vesicles, suggesting that SV2A maintains normal neurotransmission by regulating the RRP size [112,113,114] (Figure 3). In addition, brain tissue from SV2A KO contained a smaller proportion of the syntaxin protein, consistent with the interpretation that the loss of SV2A affects the formation of the complex of soluble NSF attachment proteins receptor (SNARE; [113,115]. Since the absence of SV2A presented a normal number of vesicles docked at the active zone in presynaptic terminal [113,115] and the mechanism of exocytosis itself was not affected (no changes were observed in any SV2A KO and SV2A/SV2B DKO hippocampal neurons when examining miniature postsynaptic currents) [109,112,113,116], but there were diminished RRP and the formation of the SNARE complexes was affected, SV2A may influence the synaptic vesicle priming step in the synaptic vesicle cycle, maintaining the availability of secretory vesicles and thus the release probability; thereby, ensuring correct neurotransmission. Third, during endocytosis, SV2A may regulate the vesicle content of the calcium-sensor synaptotagmin (SYT-1; Figure 3). Mutation in Y46 amino acid residue (an endocytosis motif) at the NH2 -terminus of SV2A (where SYT-1 binds to SV2A) caused a higher proportion of both SV2A and SYT-1 on the plasma membrane, indicating a reduced internalization. The Y46 residue of SV2A serves as a receptor for clathrin adaptor proteins; thus, SV2A via an interaction with both SYT-1 and clathrin adaptors may regulate the adequate trafficking of SYT-1 and, in consequence, the Ca2+-stimulated fusion [111,117,118].



Furthermore, there are several proposals about how LEV exerts its effect on SV2A. (1) LEV may block the effect of SV2A, inhibiting its usual role in vesicular priming, causing a decrease in RRP size and a decrease in synaptic transmission [113,114,115]. (2) Another possibility is that the binding pf LEV to SV2A could stabilize to the protein in an ideal functional conformation, resulting in potentiation or optimization of its general function [8,91,119]; then, LEV would act as improver of synaptic vesicle exocytosis. (3) LEV may enhance the role of SV2A in modulating the expression and trafficking of SYT, since LEV restores the normal levels of these protein expressions in neurons to overexpress SV2A [120,121].



On the other hand, two hypotheses have been made to explain how LEV could reach the SV2A protein: (1) by diffusion across cellular membranes [8] and (2) by binding to SV2A during the synaptic vesicles cycle [122,123] (Figure 4). Both mechanisms are not mutually exclusive and could even be synergistic. In vitro studies performed on Caco-2 cells showed that LEV is permeable to membranes despite its low lipophilicity [124]. This concurs with the estimate of LEV permeability of 0.015 mL/min/g across the BBB, calculated in a study based on pharmacokinetic modeling. In addition, it was observed in rhesus monkeys through the SV2A PET tracer [11C] UCB-J that LEV enters the brain in 23 min [124]. Similar data were reported in rats, where LEV was detected in the cerebrospinal fluid, hippocampus, and frontal cortex after intraperitoneal administration of this AED [125,126,127]. Moreover, loading LEV into vesicles by sucrose stimulus (which induces the vesicular fusion), resulted in a decrease in cumulative excitatory postsynaptic currents (EPSCs) amplitudes, while the unloading of LEV with a second sucrose stimulus allowed EPSCs amplitudes to return to control levels [122]. This suggests that LEV enters the synaptic vesicle during endocytosis and exits during exocytosis. Additional experiments showed that CA1 hippocampal slices incubated with LEV reduced the amplitude of EPSCs when they were stimulated to high frequencies (80 Hz), while at slower frequencies (20 Hz) this effect was not observed [122], indicating that high frequency stimulation induces greater vesicular fusion, more entry of LEV into vesicles and, thus, a higher effect. After the administration of LEV, it diffuses throughout the BBB and reaches the brain parenchyma; then, LEV may diffuse across the neuronal membrane and/or bind to the intraluminal face of SV2A during recycling and endocytosis. Subsequently, it may be released during the exocytosis process (Figure 4).



Regarding the mechanism of the antiepileptic activity of LEV, most of the studies have focused on SV2A expression levels and/or mutations. SV2A KO mice showed severe seizures and died within 3 weeks [112]. They also presented a reduced response to LEV treatment [128]. Moreover, in the tumor and peritumoral tissues of glioma of patients with epilepsy, SV2A expression levels correlated with the clinical efficacy of LEV [129]. Moreover, treatment with LEV blocked both the development of a seizure phenotype [130] and increased the hippocampal expression of SV2A [131] in kindled mice and in primary cultures of hippocampal neurons overexpressing SV2A [121]. In other conditions, LEV treatment has also caused changes in protein expression. Inaba et al. found increases in the expression of SV2A and cAMP-triggered phosphorylation of cAMP response element binding protein (pCREB) in mice that suffered lesions in the white matter due to cerebral hypoperfusion. These animals preserved learning and memory capabilities in the Y-maze, spontaneous alternation, and novel object recognition tests [132]. Recently we found that the SV2A expression in glutamatergic terminals was a key element for the response to LEV [133]. In contrast, in the neocortex of non-epileptic rats, no significant differences were detected in SV2A protein levels in LEV-treated animals compared to controls [134]. Certainly, both an increase and decrease in SV2A expression have been reported to be associated with the presence of seizures and it could be related with an effective response to LEV treatment.




7.2. Calcium Homeostasis


There is significant experimental evidence showing that LEV modulates targets related with cellular Ca2+ which is a ubiquitous signal transduction molecule that plays a key role in the modulation of neuronal excitability and synaptic transmission. Specifically, LEV effects have been observed in voltage-gated channels and Ca2+ signaling. Several studies have shown that LEV can block the high-voltage activated (HVA) Ca2+ channels N-type, P/Q-type and L-type (Figure 4). The administration of LEV (32 µM) in CA1 of rat hippocampal slices decreased significantly the neuronal HVA Ca2+ currents [135]. Other studies showed a selective LEV inhibition of N-type Ca2+ channels in isolated striatal, neocortical, and CA1 pyramidal hippocampal neurons [136,137,138]. In addition, LEV (100 µM) provoked a partial reduction in P/Q-type HVA Ca2+ currents in the acutely isolated neocortical neurons [137]. Moreover, LEV inhibited Ca2+ entry by blocking the type Ca2+ L-type channels in hippocampal CA3 neurons obtained from spontaneously epileptic rats [139]. This effect was more potent than that in control neurons, suggesting that this may contribute to the antiepileptic effect of LEV [139,140]. Moreover, it has been reported that LEV elicits effects on HVA Ca2+ channels (presumably N-type) of superior cervical ganglion cholinergic neurons. Data showed that LEV inhibited synaptic transmission between these cells in a time-dependent manner, significantly reducing excitatory postsynaptic potential (EPSP) after a 1 h of application. Interestingly, intracellular LEV administration caused (after 4 to 5 min of exposition) rapid inhibition of the Ca2+ current; this is consistent with a mechanism where LEV may interact directly with HVA Ca2+ channels, causing a reduction in synaptic transmission [19,114]. Furthermore, the application of LEV (100 μM) in acutely isolated hippocampal CA1 neurons from rats and guinea pigs, reduced the delayer rectifier K+ currents by 26%, causing a decrease in the repetitive action potential generation and subsequent, leading to a slight prolongation of duration of the first action potential. Thus, LEV action may also be also related to its ability to hyperpolarize the membrane potential via K+ channel activation [11] (Figure 4).



On the other hand, various studies have reported that LEV is an effective inhibitor of Ca2+ release mediated by the two of the major systems of calcium-induced calcium release, ryanodine and inositol-3-phosphate (IP3) receptors (Figure 4). LEV significantly reduced the Ca2+ transients induced by caffeine (a ryanodine receptor activator) in cultured rat hippocampal neurons [141,142]. In addition, LEV inhibited the epileptiform effect induced by caffeine on the evoked field potentials and delayed caffeine-induced spontaneous bursting on rat hippocampal slices [141]. Moreover, LEV inhibited Ca2+ transients induced by bradykinin (BK; a stimulator of IP3 receptor) in hippocampal neurons, causing a 74% diminution in calcium release mediated by the IP3 receptor compared to the control [142]. In PC12 rat pheochromocytoma cells, LEV decreased in a dose-dependent manner, the increase in Ca2+ caused by the application of 1µM of bradykinin or 100 µM of ATP. The inhibitory effect of LEV was mainly exerted by IP3-triggered Ca2+ store depletion without reducing Ca2+ storage into these deposits [143]. Then, the ability of LEV to modulate ryanodine and IP3 receptors demonstrated another important molecular effect of this agent on a major second messenger system in neurons.




7.3. GABAergic System


The GABA is the main inhibitory neurotransmitter of the central nervous system. Multiple AEDs act on its GABAA receptor to increase inhibition and thereby controlling the aberrant neuronal activity and seizures [144]. Regarding LEV, however, there are conflicting results concerning its effect on the GABAergic system [145]. Patients with two distinct pathologies, focal epilepsy or migraine, were treated with LEV to determine if this drug modified brain GABA levels. By means of proton magnetic resonance spectroscopy, the GABA/creatinine ratio was evaluated before and during treatment of patients with epilepsy. The data showed an increase in GABA/creatinine in the occipital lobe in responder patients (those who showed 50–100% seizure reduction), while in non-responders the results were inconclusive [146]. Meanwhile, migraine patients treated with LEV showed a decrease in headache frequency and intensity associated with a decrease in posterior cingulate cortex GABA levels [147]. These results suggest that LEV may modulate differentially GABA levels and these results agreed with several animal studies. For example, the administration of LEV before injecting the convulsive agent pilocarpine in a murine model, protected against seizures modulating different neurotransmitter release; hence, LEV reversed alterations induced by focal to bilateral tonic-clonic seizures, increasing aspartate and reducing glutamine, GABA, and glycine levels in rat hippocampus [148]. In addition, by K+-evoked depolarization with microdialysis technique, LEV inhibited the release of biogenic amines, GABA, and L-glutamate in the medial prefrontal cortex of control rats [149]; however, in epileptic rats treated with LEV for one week, the K+-evoked depolarization induced a preferential increase in GABA levels without modifying other neurotransmitters in the rat dorsal hippocampus [150]. In addition, the administration of LEV in the substantia nigra, a mainly GABAergic nucleus, showed that this anticonvulsive drug decreased the spontaneous firing of non-dopaminergic (maybe GABAergic) neurons, suggesting that the modulation of neuronal firing in GABAergic projections from the substantia nigra, could involve the activation or inhibition of neurotransmitter systems in other brain areas [148,151].



In temporal lobe epilepsy (TLE) both in animal models and patients, a run-down current elicited by GABA, which is disease progression-dependent, has been reported [152,153]; the repetitive activation of GABAA receptors induces a decrease in GABAergic signaling (current) use-dependent in hippocampal and cortical neurons denominated as run-down, this desensitization of GABAA receptor, could increase hyperexcitability and favor the occurrence of seizures [152,153]. In oocytes microtransplanted with ionotropic GABAA-receptors obtained from the resected hippocampus and temporal neocortex of patients with mesial TLE, as well as rats with pilocarpine-induced TLE, the run-down of the current evoked by GABA and the effect of LEV on this current were assessed [153,154]. In chronic epilepsy, both rats and patients showed an increase in current GABA run-down in the hippocampus and cortex and LEV had a region-dependent effect [153,154]; in the tissue of these rats, incubation with LEV did not affect the run-down current in the hippocampus, but it does attenuate it in the cortex [153]. Meanwhile, in the tissue of patients, LEV inhibited the GABA-current run-down in the hippocampus and neocortex but was ineffective in the hippocampal subiculum [154]. The authors argue that the differences could be because in the subiculum of mesial TLE patients, a switch is generated in GABA where it becomes an excitatory neurotransmitter, while in the hippocampus and neocortex GABA functions as the classic inhibitory neurotransmitter, another option to explain this data, is the differential subunit composition of GABAA receptors and their phosphorylation [154].



However, there are controversial results regarding the effect of LEV in the metabolism of GABA, since on in vitro assays LEV did not alter the activity of the GABA synthesizing enzyme, glutamic acid decarboxylase (GAD) or the GABA degrading enzyme and GABA-transaminase (GABA-T); however, on in vivo studies, a decrease in GAD in striatum and an increase in the hypothalamus at high doses of the drug was observed, as well as an increase in GABA-T activity in the cortex, striatum, thalamus and cerebellum [151] (Figure 4). Moreover, LEV modified GABA turnover by reducing it in the striatum but increasing it in the cortex and hippocampus [151]. A reduction in GAD and GABA turnover in the striatum might disinhibit GABAergic striatal output pathways, augmenting the inhibition in their respective target regions and increasing the anticonvulsant effects of LEV [151]. However, the authors postulate that those differential alterations on GAD and GABA-T activity between both models and in different regions might not be directly caused by LEV, instead as a consequence to pre or postsynaptic secondary effects [151].



Another action of LEV in the GABAergic system involves the ability to reverse the inhibitory effects of the negative allosteric modulators β-carbolines and zinc on both GABAA and glycine receptors, the two main ionotropic inhibitory receptor systems in the brain [145]. β-carbolines congeners can act at the benzodiazepine recognition site of the GABAA receptor complex to inhibit GABA-stimulated chloride conductance (inverse agonist effect) [155,156] (Figure 4). By using the whole cell patch-clamp technique, it was observed that LEV reversed the inhibitory effect of the methyl-6,7-dimethoxy-4-ethyl-β-carboline-3-carboxylate (DMCM, inverse agonist), N-methyl-beta-carboline-3-carboxamide (FG7142, partial Inverse agonist), and butyl 9H-pyrido[3,4-b]indole-3-carboxylate (β-CCB, inverse agonist) on GABA-elicited currents in hippocampal and cerebellar granule neurons [145]. In addition, LEV completely abolished the inhibitory effects of DMCM and β-CCB on glycine currents of spinal neurons [145]. The in vitro interaction of LEV with negative allosteric modulators of inhibitory receptors was confirmed in vivo in sound-susceptible mice; the administration of LEV (17 mg/kg) produced an important suppression of convulsions in these mice. The protective LEV effect was significantly diminished by the co-administration of FG 7142, from a dose of 5 mg/kg [145]. In addition, in postnatal day 10 rat pups, treatment with LEV decreased the severity of DMCM-evoked seizures in a dose-dependent manner when administered in doses of 10 mg/kg and greater [157].



Moreover, LEV completely reversed the inhibition by zinc of GABA and glycine evoked currents, in hippocampal and spinal cord neurons [145]. By recording functional synaptic-boutons, it was observed that the activation of GABAA receptors by muscimol (a selective GABAA receptor agonist) induced the inhibition of evoked excitatory postsynaptic currents (eEPSCs); later, in the continued presence of muscimol, the addition of Zn2+ increased the eEPSC amplitude (Zn2+ had no effect by itself on the eEPSC). However, when LEV was applied in the continuous presence of muscimol and Zn2+, there was a decrease in the eEPSC amplitude (also, LEV had no effect by itself on eEPSC, and in the presence of muscimol without Zn2+). Then, LEV reversed the Zn2+ induced suppression of GABAA receptors, resulting in a decrease in glutamatergic excitatory transmission [158]. These results suggest that, also, the antagonism of allosteric Zn2+ modulation by LEV may be one of its mechanisms of action.




7.4. SV2A and GABAergic System


Despite of the fact that the SV2A protein is localized in all synaptic vesicles regardless of neurotransmitter content and its expression is similar on both glutamatergic and GABAergic terminals [159,160,161,162], a strong relationship between SV2A and the GABAergic system has been observed. In a microdialysis study on rats with a mutation of the SV2A gene (SV2AL174Q), a decrease in depolarization-evoked GABA release in hippocampus and amygdala was shown, without modification of the levels of glutamate [163,164]. In addition, in a rat model of SE induced by pilocarpine, an increase in hippocampal SV2A expression associated with GABAergic but no with glutamatergic terminals was reported [165]. Moreover, recordings of cultured hippocampal pyramidal neurons (CA1 and CA3) from SV2A KO and SV2A/SV2B DKO mice showed a decreased frequency and amplitude of spontaneous inhibitory postsynaptic currents (sIPSCs) and an increase in the frequency of the spontaneous excitatory postsynaptic currents (sEPSCs) but without any change in their amplitude [112,116]. These data agree with the observations of a great co-expression between SV2A and GABAergic neurons in the amygdala and hippocampus [163,164,166,167]. Finally, systemic administration of LEV decreased the hyperalgesia, probably enhancing GABAergic neurotransmission by different pathways, but the local administration of LEV did not act on the GABA system [168,169]. The close association between SV2A and the GABAergic system could be very important for the effects of LEV, but further studies must be completed in order to clarify this issue.




7.5. AMPA Receptors


Regarding the effect of LEV on glutamatergic receptors, few studies have been performed; in recordings of neuronal cortical cultures by whole cell patch-clamp, the application of kainate induced inward currents in all neurons, which were mediated primarily by the activation of AMPA receptors. The incubation with LEV in this culture, decreased kainate-induced currents by 26.5% and returned to basal after LEV washout, indicating a mild modulation of AMPA receptors [170]. This was confirmed by the administration of cyclothiazide, an AMPA positive allosteric modulator in these cells, since LEV decreased the amplitude of currents induced by cyclothiazide as well as diminished the amplitude and frequency of mEPSC [170].




7.6. Noradrenaline, Adenosine and Serotonin Receptors


LEV has also shown direct or indirect interaction with noradrenaline (α2A- and α2C), adenosine (A1), and serotonin (5-HT1B/1D) receptors contributing to its anti-hyperalgesic effect [11]. In an intraplantar carrageenan-induced model of inflammatory pain, the antagonists CTAP (µ-opioid receptor antagonist), BRL-44408 (α2A-adrenoceptor antagonist), MK-912 (α2C-adrenoceptor antagonist), 1,-3-dypropyl-8-cyclopentylxanthine, DPCPX (adenosine A1 receptor antagonist), GR-127935 (5-HT1B/1D receptor antagonist) and bicuculline (GABAA receptor antagonist) were injected (i.p. or intraplantarly) before LEV administration (systemic, 10–200 mg/kg or local, 200–1000 nmol/paw); subsequently, it was assessed if LEV had an effect by means of paw pressure test, over time (60–300 min) [168,169]. The authors reported that LEV exerted dose and time-dependent anti-hyperalgesic activity. In contrast, the administration of all antagonists decreased this effect of LEV [168,169]. These results suggest that LEV could be a promising drug for inflammatory pain in humans.




7.7. Intracellular pH Regulation


Variations in the normal intracellular pH influence diverse functions in neurons, glia, and interstitial space [171]. Intracellular pH regulation is grouped into acid extrusion and acid loading. Acid extrusion is mainly accomplished by Na+/H+ exchangers, Na+-dependent Cl−/HCO3− (chloride/bicarbonate) exchangers, and Na+/HCO3− (sodium/bicarbonate) co-transporters. Acid loading is mediated by Na+-independent Cl−/HCO3− exchangers [171,172]. Several studies have suggested that the Na+-independent Cl−/HCO3− exchanger, AE3, may modulate seizure susceptibility [171,173]. Moreover, it has been proposed that LEV mediates pH shifts and seizure-like activity via HCO3− regulation. In human neocortical brain slices from patients with TLE pharmaco-resistant, LEV was associated with a subtle acidification, predominantly in more alkaline cells. This acidification was depended on the extracellular HCO3− concentration [20]. Then, since acidifications induced by LEV were based upon an inhibition of the Na+/HCO3− co-transporters, Na+-dependent HCO3− transporters and Na+-dependent Cl−/HCO3− exchangers, LEV may decrease the intracellular pH by weakening the transmembrane HCO3−-mediated acid extrusion [20,174]. In addition, recordings from hippocampal slices treated with 4-aminopyridine (to increase neuronal excitability), showed that administration of LEV (10–100 µM), decreased the frequency of spontaneous action potentials and bursts of CA3 neurons. Both effects were reversible upon LEV washout and by incubating LEV plus the alkalinizing agent trimethylamine [174]. Then, by inducing intracellular acidification, LEV may attenuate the excitatory neuronal activity, promoting the termination of epileptic activity and contributing to its anticonvulsive potency [20].




7.8. Single or Integrated LEV Molecular Mechanism of Action?


Traditionally, the SV2A protein has been considered as the main therapeutic target of LEV. Löscher et al. proposed that although some cellular and molecular effects of LEV may contribute to its unique pharmacological profile, they have a modest magnitude [8]. However, Cortes et al. pointed out that the mechanism of action of LEV comprises a cascade of effects that in the first instance, are exerted by binding to the SV2A protein, but its pharmacodynamics involve various molecular targets that must be integrated into a single mechanism of action by a single pathway [11]. We agree with this last point of view and further propose that LEV is a unique antiepileptic agent that has multiple mechanisms of action that from an integrated point of view may explain not only its molecular effects but also their genetic, antiepileptic, antiepileptogenic, neuroprotective, antioxidant and anti-inflammatory actions (see below). Figure 4 represents the hypothetical integrated molecular mechanisms of action of LEV.





8. Genetic Mechanism


The antiepileptic activity of LEV has been related, besides the SV2A expression, to modifications in the expression of diverse genes. In amygdala-kindled rats, this process was associated with an upregulation of hippocampal brain-derived neurotrophic factor (BDNF) and neuropeptide Y (NPY) mRNA levels. Treatment for 12 days with LEV clearly delayed the progression of kindling, showing a clear antiseizure effect and prevented the increase in BDNF and NPY mRNA [175,176]. In addition, using real-time quantitative polymerase chain reaction temporal lobe expression of NPY gene and other epilepsy-related genes, such as, thyrotropin-releasing hormone (TRH) and glial fibrillary acidic protein (GFAP) were confirmed to be up-regulated in amygdala-kindled rats and partially normalized by LEV treatment [175]. In another work using amygdala-kindled rats, LEV 1 h prior to the kindling stimulation attenuated the hippocampal overexpression of TNF-α and Cox-2, two genes related to inflammatory processes. The decrease in the expression of both genes was parallel to the antiseizure effect of the drug [177]. LEV every day in 1 week also reduced the expression levels of interleukin-1β (IL-1β) and interleukin-1 receptor subtype I, and the associated reactive gliosis in the hippocampus and piriform cortex of epileptic rats [178].



In relation of the effect of LEV with other genetic pathologic mechanisms, Rassu et al. showed that LEV treatment ameliorated the effect of pathological mutant phenotype of leucine-rich repeat kinase 2 (LRRK2), an enzyme that controls the vesicle trafficking [179]. In this study, LEV treatment significantly decreased the neurite shortening phenotype of mutant mice in primary neurons and in PC12 cells. LEV also diminishes the accumulation of dopamine receptor D2 (DRD2) into the Golgi areas due to the mutant expression in SH-SY5Y cells. These results indicated that LEV reverts LRRK2 G2019S-associated pathological effects and that LRRK2 and SV2A are involved in a common protein network controlled by LEV with the consequent modulation of traffic and dynamics in neurons [179]. In another study, it was showed that LEV once daily for 5 days reduced the effect of presynaptic gene Stxbp1 mutations in Stxbp1+/− mice, significantly reducing the number of spike-wave discharges. The de novo heterozygous mutations in STXBP1/Munc18-1 gene were implicated in the development of early infantile epileptic encephalopathies [180]. In a clinic case, LEV administered continuously from one month of age to 26 months of age had a dramatic efficacy in the treatment of encephalopathy refractory in a child with de novo heterozygous mutation (c.[922A>T]p.[Lys308(∗)]) in the STXBP1 gene [181]. Moreover, it was shown that the administration of LEV (mean duration of 50.59 ± 37.93 months) in women with a diagnosis of epilepsy caused high serum levels of the Wnt antagonists sclerostin and DKK-1 in comparison with the healthy controls. This study showed that the LEV effect is implicated the modulation of the Wnt signaling pathway [182]. In addition, it has been shown that LEV (18 and 180 μM) significantly decreases the gene expression of excitatory amino acid transporter 2, (EAAT2) in brain metastasis glioblastoma cells culture, indicating that LEV has a mechanism of action that decreases the recapture of glutamate from the extracellular space in brain cancer [183]. In addition, in a mouse microglial BV-2 cell line culture, it was shown that lipopolysaccharide increases activator protein-1 (AP-1), FOS like 1, AP-1 transcription factor subunit (FosL1), MAF BZIP transcription factor F (MAFF) and Spi-C transcription factor (SPIC) mRNA levels and LEV attenuated AP-1 and FosL1 mRNA expression in this model. Therefore, the authors suggested that LEV can be a candidate for the treatment of neurological diseases that involve microglial activation [184].



Neuronal activity influences gene expression and the drugs that modify it, through interference in neurotransmission. Therefore, LEV can affect gene expression [122,185,186]. There is evidence that in HeLa cells, the main metabolite of LEV blocks histone deacetylases which catalyze the hydrolysis of acetyl groups from the lysine of some proteins, such as histone tails, inducing chromatin condensation and inhibiting gene transcription [187]. In addition, it was observed in electrocorticography registers of epileptic patients an epileptiform electrical activity in the form of spikes, which has been associated with changes in gene expression [188,189]. Thus, if LEV can inhibit hypersynchronous neuronal activity by reducing the epileptiform activity-induced population spikes in CA3 [148] and in dentate gyrus (DG) [190], this suggests that LEV could modulate the expression of genes, as we mentioned above.



Effect of Gene Polymorphisms in LEV Treatment in Clinical Studies


Several investigators have studied the association of some gene polymorphisms with LEV treatment (with a target dose of 20–60 mg·kg−1 daily for 3–4 weeks) in epileptic population. Zhao et al. studied the impact of adenosine-triphosphate (ATP)-binding cassette sub-family B member 1 (ABCB1) polymorphisms rs1128503 (C1236T), rs2032582 (G2677T) and rs1045642 (C3425T) in exon 26 on LEV serum levels and treatment efficacy in 245 Uygur Chinese children with epilepsy (drug resistant and drug-responsive). The authors showed that for genotype frequencies of ABCB1 G2677T/A, the GT genotype frequency was significantly different between drug-resistant and drug-responsive groups (OR = 0.484, 95%CI = 0.236–0.003, p = 0.046). The other genotype frequencies did not significantly differ between both groups [191]. In relation to the serum drug concentration of LEV and the serum drug concentration/body mass dose ratios (CDR), it was observed that rs2032582 and rs1045642 polymorphisms are significantly related to LEV concentration and CDR values. A higher LEV concentration and CDR values were found in GT, TT, GA, and AT genotype carriers of rs2032582 polymorphism in comparison with GG carriers (p = 0.021). Higher LEV concentrations and CDR values were found in TT genotype carriers of rs1045642 compared with CC and CT carriers (p = 0.002). The authors concluded that ABCB1 rs2032582 and rs1045642 polymorphisms may affect the therapeutic efficacy of LEV in epilepsy [191].



In relation to SV2A mutations, surprisingly, in a pediatric epileptic patient with a rare de novo heterozygous variant in SV2A (NM_014849.5:c.1978G>A:p.Gly660Arg), seizures were found to worsen after treatment with increasing doses of LEV for approximately 40 days [192]. Moreover, Wolking et al. investigated the genetic risk of rare variants for drug response to three AEDs (including LEV treatment for at least 1 year) through an analysis of the sequencing, genotyping, variant selection, and annotation of an epileptic cohort derived from the EpiPGX Consortium, to identify genetic biomarkers of epilepsy treatment response and adverse drug reactions [193]. The individuals who met the inclusion criteria were 1622 patients with a diagnosis of focal epilepsy and genetic generalized epilepsy. The results of the gene set analysis showed a significant enrichment of protein truncating variants and splice-region variants in the SV2 gene group (SV2A and SV2B) associated with drug resistance. Thereafter, it was possible to conclude that a group of genes are related to drug kinetics or targeting in drug resistance to LEV [193].



In another study, through the screening for mRNA signatures in 53 epileptic hippocampal tissue from pharmacoresistant TLE patients, abundant synapse-associated molecule mRNA signatures in LEV a priori non-responders were shown. In the promoter characterization was observed an accumulation of the rs9305614 G-allele in phosphatidylinositol N-acetylglucosaminyltransferase promoter with activation of LBP-1 transcription factor of LEV a priori non-responders mesial TLE patients. The authors suggest that epigenetic factors predisposing for a priori LEV pharmacoresistance by transcriptional targets [194]. Finally, in another study, the presence of rs1611115, rs4680 and rs1800497 polymorphisms with adverse psychotropic side effects of LEV in patients with chronic epilepsy was found to be related with a decrease in dopaminergic activity [195].





9. Anti-Ictogenic Mechanism


LEV differs from classical AEDs since it does not share affinity with targets of other AEDs such as valproic acid, phenobarbital or benzodiazepines and does not work by the three classic routes of AEDs: sodium channel modulation, low-voltage-activated (T-type) calcium channel modulation and a direct GABAfacilitation [99,196]. Furthermore, LEV was devoid of anticonvulsant effect in the maximal electroshock seizure (MES) and pentylenetetrazol (PTZ) seizure tests [197,198], which are traditionally used to evaluate the effectiveness of AEDs [199], but it markedly suppresses seizures in chronic models such as mice kindled with corneal electroshocks, genetically epileptic animals, and epilepsy models induced by pilocarpine or kainic acid, providing evidence for its anticonvulsant properties [198,200]. The action of LEV to protect selectively against seizures in chronic models distinguishes it from other AEDs that act in both normal and “epileptic” animals [200]. This is consistent with intracellular slice recordings from CA3 neurons, where LEV does not influence normal glutamatergic and GABAergic transmission but instead decreases the epileptiform activity induced by the GABAA receptor antagonist bicuculline or the glutamate agonist N-methyl-D-aspartate (NMDA) [201]. This selective activity appears to be related with a different mechanism of action which includes only inhibition of burst firing without interference with normal neuronal excitability, resulting in protection against the transition from interictal to ictal activity. On this basis, it is suggested that LEV preferably act on neurons that exhibit abnormal patterns of activity. This probably explains the lack of anticonvulsant activity against acute seizures [198] compared with their potent anticonvulsant action in chronic models, as well as its unique tolerability and safety [202].



There are multiple preclinical and clinical studies that showed the anticonvulsant activity of LEV. In the pilocarpine model of TLE the administration of the drug by osmotic minipumps showed a reduction in the frequency of spontaneous recurrent seizures (SRS) during one [150] and two weeks of treatment [203]. Interestingly, the individual responses of the rats during two weeks of treatment varied markedly from full seizure control to no effect [203], likewise occurring in epileptic patients [194]. The results of the EEG from spontaneous epileptic rats (SERs), showed that both a single (80 or 160 mg/kg, i.p.) or repeatedly (80 mg/kg/day, i.p. for 5 days) administration of LEV decreased the number of tonic convulsions and absence-like seizures. Furthermore, long-lasting seizure protection by LEV after cessation of treatment was observed [204]. The pretreatment with LEV (30–200 mg/kg, i.p.) prevented the development of the SE induced by pilocarpine and decreased neuronal death in mice [205]. In amygdala-kindled rats, LEV decreased the seizure intensity and duration after initial dosing; however, chronic treatment (three times daily i.p., at a dose of 108 mg/kg for 21 days) decreased the anticonvulsant efficacy indicating a development of tolerance [206]. In a novel model of extended hippocampal kindling in mice the administration of LEV at 400 mg/kg significantly decreased the number of SRS at 10–12 h post-injection [207]. Additionally, to the anti-ictogenic effect in animal models of TLE, LEV administration (8 and 16 mg/kg/h; 7-day period via an osmotic minipump) reduce the frequency of focal and generalized-onset seizures in the tetanus toxin model of focal impaired awareness epilepsy (before known as partial complex seizure) [208]. LEV was also effective in animal models of chronic epilepsy, including genetic models (Genetic Absence Epilepsy Rat from Strasbourg, GAERS) and WAG/Rij rats [209,210], as well as in a rodent model of neonatal hypoxic seizures, where LEV pretreatment (50 mg/kg) resulted in a decrease in both behavioral seizure duration and in the duration of ictal electro encephalographic activity during hypoxia [211]. In chronic epileptic rats treated repeatedly with LEV (564 mg/kg/day 1 week via osmotic minipumps) show less severe seizure behavior during drug treatment [212]. Similarly, intravenous LEV treatment 30 min after the onset of pilocarpine-induced acute seizures decreased the intensity of the seizures [213]. The evidence displayed above shows that LEV reduces the number and intensity of the seizures. The drug offers broad-spectrum seizure protective activity in a variety of animal models, including models, generalized, and focal-onset seizures.



There are already 132 clinical trials about the effect of LEV in patients with epilepsy, of which 90 have been completed [214]. Some of them are explained in detail in a previous section (clinical indications). The results are in line with the preclinical observations and indicate that add-on LEV treatment can reduce the seizure frequency in epileptic patients.



Several electrophysiological analyses have shown that LEV can reduce some epileptic traces. Levesqué et al. found a reduction in interictal spikes rates in CA3, entorhinal cortex, DG and subiculum in LEV-treated rats (300 mg/kg/day for 2 weeks) without seizures [21], similar observations were performed in patients with focal-onset seizures and acute (500 mg twice daily) or chronic treatment with LEV (individualized, 500–1000 mg twice daily, over 8 weeks) [215]. Furthermore, the analysis of interictal high-frequency oscillations show that LEV can decrease both ripples and fast ripples (predictors of seizure occurrence) particularly in CA3, which suggest that antiseizure LEV activity could be related with inhibit excessive synchronization in CA3 [21], as well as between hippocampus and cortex [148].



The anti-ictogenic effect of LEV seems to be an integrative mechanism that involves the interaction of this AED with different pharmacological targets (as mentioned before), notably by its action on SV2A, resulting in a decrease in the excitability in the epileptic circuit. However, the exact mechanism by which LEV decreases the excitability still remains unclear. The microdialysis analysis in epileptic rats has shown that LEV (300 mg/kg/day for one week) facilitates the vesicular release of neurotransmitters, with a preferential effect on GABA [150]. In contrast, LEV decreased excitatory and inhibitory synaptic currents in an in vitro study of whole cell patch recordings, which suggest that LEV binds to SV2A and reduces presynaptic neurotransmitter release [122,216]. This is in line with the data about the blockade of presynaptic calcium channels and the decrease in glutamate decrease preferentially [217]. Regardless, whether LEV particularly increases GABA release or decreases glutamate release, the final effect is decreased excitability and seizures. Finally, although LEV can act on all those terminals where SV2A is expressed, apparently their effects could be finely modulated by neuronal activity, pathophysiology of the nervous tissue and by SV2A expression [111]. In Figure 5, we propose based on the experimental data that the possible LEV anti-ictogenic effect is mainly due to the interaction with SV2A, but as mentioned above, LEV could interact with other pharmacological targets to reduce excitability and seizures.




10. Antiepileptogenic Mechanism


The potential antiepileptogenic and disease-modifying effect of LEV, are evidenced in kindling and genetic epilepsy models. LEV could interfere with the modification of the circuits involved in seizure development, since it delays the deleterious effects of kindling [218,219]. However, in SE models, the results are controversial; for example, rats with chronic LEV treatment for 3 weeks in different doses (50, 150 and 300 mg/kg/day osmotic via), after SE, showed a decrease in hippocampal hyperexcitability, reducing the population spike amplitude in the DG, but it did not prevent the development of spontaneous seizures [190]. Other studies have explored this issue. Table 1 summarizes the principal results in the pre-clinical trials.



Moreover, clinical studies about the antiepileptogenic effect of LEV have been conducted in patients with intracerebral hemorrhage, traumatic brain injury (TBI), supratentorial neurosurgery and spontaneous subarachnoid hemorrhage which have a higher epilepsy risk [226]. Although the current data is heterogeneous, contradictory and neither supports nor refutes the use of LEV for seizures prophylaxis [227,228,229], LEV treatment has shown interesting results; therefore, an evaluation of its antiepileptogenic potential is worthwhile.



In a retrospective study of patients followed for one year receiving LEV (doses from 500 mg to 3000 mg a day; most frequent dose being 1000 mg a day) or phenytoin (doses from 200 to 800 mg a day, being the most frequent 300 mg) after supratentorial craniotomy, LEV treatment demonstrated a non-significant reduction in seizure incidence after 1 year and fewer early adverse reactions than phenytoin [230]. A prospective, randomized study with prophylactic LEV treatment (500 mg/body every 12 h until postoperative day 7) in the perioperative period, showed a reduction in seizure incidence [231]. In patients with TBI, LEV was used at 55 mg/kg daily for 30 days, starting on day 8 after injury. After two years, 5 of 46 treated adults (10.9%) and 8 of 40 untreated adults (20.0%) developed post-traumatic epilepsy (relative risk, 0.47; p = 0.18). Even though, LEV treatment non-significantly reduced posttraumatic epilepsy cases, it was safe and well tolerated [232]. In contrast, Kruer et al. showed a decrease in seizure incidence seven days after TBI in patients treated with phenytoin and LEV [233]. Radic et al. reported that LEV (1000 mg intravenous loading dose, followed by a dose of 500–1000 mg intravenous or orally twice daily) prevented clinical and/or electrographic seizures after acute/subacute subdural hematoma diagnosis [234]. In another clinical study with newborns, LEV maintained for one month after the seizures resolved) counteracted the detrimental effect of seizures on the neurodevelopmental outcome, specifically tone and posture [235]. These findings support the further evaluation of LEV treatment as antiepileptogenic therapy in patients after TBI.



Furthermore, intravenous LEV for 3 days and oral regimen at 90 days has been proposed as an optional drug for the prevention of seizures and epilepsy in craniotomy and other neurosurgical interventions [236]. In a study of intracerebral hemorrhage patients, the prophylactic use of LEV (delivered at a rate of 500–2000 mg/d) improved the prognosis and was more effective than phenytoin (15–20 mg/kg) in preventing seizures, without affecting cognitive ability [237]. Moreover, a recent study indicated that epileptic patients treated with LEV showed increased functional connectivity compared to healthy subjects [238], relating to normalization of left medial temporal lobe deactivation during verbal performance [239].



The mechanisms involved in the antiepileptogenic effect of LEV are not fully understood. However, several mechanisms could explain its antiepileptogenic or disease-modifying activity. LEV may inhibit epileptogenesis through an increase in the suppressive effect of SV2A: (1) DKO mice (SV2A and SV2B) showed an increase in synaptic transmission during repetitive presynaptic fiber excitation [110] (2) in amygdala and corneal kindling epilepsy models, SV2A (+/−) mice show accelerated epileptogenesis [128]. This suggests that SV2A function inhibits or modulates excessive synaptic transmission during kindling. Then, LEV binding to SV2A may improve the SV2A inhibitory effects on hyperexcitability. Further support for an LEV antiepileptogenic effect derives from observations showing that at chronic treatment (21–28 days) and high-dose (150–500 mg/kg) attenuates hippocampal cell death and hippocampal excitability following pilocarpine-induced SE [22,190]. Another possible LEV mechanism is to inhibit epileptic foci formation, since it suppresses seizure-induced increase in neurogenesis in the kainate-induced SE model after 25 days of treatment (320 µmol/L released osmotic pathway to 0.21 µL/h) [224] and their aberrant migration from the dentate subgranular zone to the hilus after 21 days of treatment (100 mg/kg, i.p.) [222]. This effect appears to be mediated by suppressing BDNF synthesis induced by kindling in chronic treatment of 12 days (100 mg/kg/day; once daily, 5 days per week) [175,176] and related to mossy fiber sprouting and consequently neuronal excitability [240] (Figure 6).




11. Neuroprotective Mechanism


In addition to the indirect neuroprotective effect of LEV, through its anti-ictogenic and anti-epileptogenic mechanisms mentioned above, there are several studies that show a direct neuroprotective effect in different pathological conditions where the brain has suffered an injury, for example, in brain ischemia, which has been also associated with post-traumatic epilepsy [187,241].



Previous administration of LEV (50 mg/kg) in rats injured with kainic acid resulted in a significant decrease in the death of hippocampal CA1 neurons and this was partially mediated by inhibition of lipoperoxidation [242]. Analysis with the neurodegeneration marker Fluoro-Jade B showed that the administration of LEV 2 h after the onset of SE at 100 or 150 mg/kg was effective in protecting against neuronal damage induced by this condition, in CA1 and CA3 pyramidal cell layers as well as the dentate hilus compared to diazepam and valproate. In contrast, when LEV was administered as an adjunct to diazepam, the neuroprotective effect was not observed compared to when it was administered alone [243]. Histological examination with cresyl violet staining showed that a high dose of LEV (500 mg/kg for 28 days) significantly reduced the number of neuronal cells lost in the CA1 and CA3 and DG areas at two days after SE and it protected against the sequence of excitotoxic events induced by vasogenic edema [22]. A year later, they found through MRI studies in mice, that 3 h after SE there was cytotoxic edema without injury in the BBB, whereas by 2 days post-SE, vasogenic edema was developed in the dorsal hippocampus, amygdala and piriform cortex, which related with the loss of BBB integrity, the latter was markedly ameliorated by LEV treatment (30 min after diazepam injection, and thereafter twice a day for 7–10 days; 350 mg/kg), as well as reactive astrogliosis. These results suggested that the prevention of the development of epilepsy by LEV treatment was associated with the protection of the BBB via astrocytes and the inhibition of angiogenesis in the hippocampus; since the drug treatment significantly reduced the mRNA expression of some angiogenic factors (angiopoietin-2, Tie-2, vascular endothelial growth factor-A VEGF and its receptor) increased by SE [244,245]. Moreover, some reports have shown that LEV did not prevent acquired epilepsy when administered in post-SE animal models of TLE, although it did exert neuroprotective effects [225,246,247].



The neuroprotective effect of LEV has also been evaluated in models of focal cerebral ischemia, where it was found to be highly effective in reducing the infarct volume without altered body temperature, with better results than MK-801 (dizocilpine, non-competitive N-methyl-D-aspartic acid antagonist) [248]. Likewise, in neonatal rat model hypoxic–ischemic brain injury, seven days of LEV treatment (40 mg/kg/day) significantly decreased the numbers of TUNEL positive apoptotic cells in both the hippocampus and cerebral cortex [249]. Additionally, in a recent study it was found that LEV treatment (150 mg/kg for 14 days) promoted angiogenesis and functional recovery in a model of cerebral ischemia in rats. These effects appear to be mediated by anti-inflammatory and anti-apoptotic activities, in addition to inducing the expression of heat shock protein 70 (HSP70), VEGF, and hypoxia inducible factor 1α (HIF-1α) [250]. In models of head trauma and hemorrhage in the subarachnoid space, the use of LEV in mice at a dose of 54 mg/kg for 3 days showed an improvement in vestibular and motor functions, in addition to a reduction in neuronal histological damage [251]. The administration of LEV (50 mg/kg) in rats with intracerebral hemorrhage improved the neurological function 24 h after injury; moreover, it decreased the brain water content, the expression of NF-kB and the damage to neurons around the hematoma [252].



LEV (25 mg/kg; for six weeks) also showed neuroprotective effects in the neuropathy derived from diabetes; in mice, the regulation of the expression of apoptotic markers Tp53 and iNOS (tumor protein 53 and inducible nitric oxide synthase, respectively), as well as some neuronal indicators of stress and microglial activation, such as GFAP was decreased. Moreover, LEV increased the regulation of the neuronal marker of regeneration growth associated protein 43 (GAP43) [253]. Finally, the neuroprotective effect of LEV was evaluated in a model of spinal cord injury; the acute treatment with this drug resulted in an improvement in gross and fine motor functions. Histological analysis demonstrated that LEV treatment significantly reduced lesion size and protected the motor neurons of the corticospinal tract. On cervical injuries, a neuroprotective effect was observed by LEV (4 h post injury) on neuronal fibers and survival of oligodendrocytes [254].



The fact that LEV decreases the damage in different models characterized by neuronal injury (ischemia, TBI and spinal cord injuries), suggests that this condition shares some pathophysiological events with epilepsy [187]. The possible mechanisms of the neuroprotective effect of LEV in neuronal injury are not completely clear, but it may be related to the ability of LEV to modulate the release of neurotransmitters, particularly GABA and glutamate, since one of the events that initiated neuronal damage is an increase in glutamate and a decrease in GABA release, producing an imbalance between excitation and inhibition [255]. The release of glutamate and their interaction with the postsynaptic receptor NMDA augment the influx of Ca2+ into cells, triggering the cascade of events that underlies cell death, so, it is possible that selective blockade of calcium channels may be neuroprotective. In this sense, LEV could be considered, because it regulates the influx of calcium into the cells [109] and blocks N, P/Q and L subtypes calcium channels [136,137,138,139]. Moreover, LEV acts through the ryanodine and IP3 receptors inhibiting Ca2+ release [142,143]. Thus, LEV could prevent the progressive deterioration of epilepsy and protect the brain against cytotoxicity and neuronal death [256]. Moreover, GABAergic neurotransmission is decreased during brain ischemia and epilepsy [257], therefore strategies that enhanced it, may be result in decrease in cellular damage. We show through a microdyalisis analysis that LEV treatment for one week (300 mg/kg/day) can induce an increase to GABA release in response to potassium-induced depolarization in the hippocampus of epileptic rats and restored the GABA/glutamate balance [150]. Further studies must be completed to better understand this phenomenon.




12. Anti-Inflammatory and Antioxidant Mechanisms


Epilepsy triggers neurodegenerative and inflammatory mechanisms that occur parallel to epileptic seizures. Emerging studies have shown that the production of excessive ROS causes an alteration in biochemical and molecular brain processes, triggering neuroinflammation. Both processes (ROS and inflammation) promote neuronal hyperexcitability, seizures and are crucial factors in the onset and progression of neurodegeneration in TLE [258,259,260], as well as the subsequent synaptic reorganization and cognitive deterioration in epileptic patients [259,261,262,263,264,265,266].



Treatments aimed at reducing inflammation and ROS in epilepsy, in addition to controlling epileptic seizures, have resulted in better management of the epileptic patient. For example, the use of antioxidants can prevent the epileptic process in animal seizure models [267] and in a recent work, we showed that valproic acid, administered by 12 months without interruption acts as an antioxidant in children diagnosed with epilepsy decreasing oxidative markers as malondialdehyde (MDA, a lipid peroxidation marker), 8-hydroxy-2-deoxyguanosine (8-OHdG, DNA oxidation marker), 3-nitrotyrosine (3-NT, protein oxidation marker), and hydrogen peroxide (H2O2) levels and increasing glutathione peroxidase (GPx) levels, catalase (CAT), glutathione reductase (GR) and superoxide dismutase (SOD) antioxidant enzyme activities [268]. However, the antioxidant effect of AEDs is still a matter of debate [269].



Recent evidence in different animal models, suggests that LEV exerts neuroprotective effects via anti-inflammatory and antioxidant effects [178,244,270]. In the liver of male Wistar rats, the reduced glutathione (GSH) level significantly increased after an acute dose of LEV prior induction to SE (50 mg/kg i.p.) and in LEV plus carbamazepine [271]. In the TBI model, LEV (50 mg/kg i.p.; once a day for 20 days) administration significantly inhibited the thiobarbituric acid reactive substances (TBARS) levels (a lipid oxidation marker). Moreover, SOD and GSH levels were also significantly increased [272]. The same observation was shown in the kindling model of epilepsy-induced by PTZ, where the nitrite, 8-OHdG, and lipoperoxidation levels were significantly reduced, and GSH, GPx, and SOD were increased for chronic treatment with LEV [273,274]. The last evidence shows that with high doses of LEV (300 mg/kg i.p.) in a kindling model of epilepsy induced by PTZ in rats, the oxidant status in epilepsy was decreased with the use of this AED [24,275]. In the SE model induced by pilocarpine was shown that pretreated with LEV (200 mg/kg i.p.) decreased high levels of 8-isoprostanes (a marker of oxidative stress), nitrite-nitrate levels, CAT, and GSH (p < 0.05) in the hippocampus [276,277]. Likewise, the neuroprotective effect of LEV (54 mg/kg, i.p. administered for 7 days) through its antioxidant action has also been observed in the striatum of rats that were administered a neurotoxin that induces excitotoxicity [278]. In a rat model of Parkinson’s disease induced by rotenone it was shown that LEV (600 mg/kg, i.p. for 21 days) significantly decreased the lipoperoxidation levels and increases GSH, CAT, and SOD levels in the brain [279]. In addition, in a rat model of diabetic neuropathy induced by streptozotocin was shown that the treatment for one month with LEV (300 and 600 mg/kg, i.p.) reduces lipoperoxidation, and increases total antioxidant capacity [280,281]. However, a toxicity of LEV (310 mg/kg, v.o.) due to a significant increase in MDA levels and a decrease in GSH and SOD levels (p < 0.05) was observed in the homogenized brain tissue of rats after the administration for 45 days of this drug [282]. Moreover, the reproductive toxicity of LEV (150 and 300 mg/kg, v.o.), has been reported where this AED induces DNA damage in the rat testes and decrease GSH, SOD, and CAT levels after 70 days of treatment [283].



Several clinical studies have shown that LEV modified the antioxidant/oxidant status in patients with epilepsy [284,285], this AED increased the oxidative state (MDA, 15F-2t-isoprostane and 8-OHdG markers) in patients diagnosed with epilepsy [286,287], and significantly increase the 8-OHdG levels in combination with valproate [288]. On the other hand, this AED improved the antioxidant status in the patients with intellectual disabilities and in patients diagnosed with epilepsy; determined through of reactive metabolite oxygen levels, oxidized low-density lipoprotein, paraoxonase, and arylesterase activities [288,289,290,291]. These data indicate the need more clinical trials for obtaining reliable results of the antioxidant properties of LEV.



Regarding neuroinflammation, treatment with LEV (360 mg/kg; for 7–10 days) suppressed the expression of proinflammatory molecules, such as tumor necrosis factor α (TNF- α), interleukin 6 (IL-6), interleukin 1β (IL-1β), and iNOS, 1 or 3 h after SE as well as prevented the increase in the numbers of Iba1-positive microglia and the conversion to an amoeboid-like shape from a ramified shape after SE [244]. During epileptogenesis, repeated treatment with LEV for 30 days prevented microglial activation, as evidenced by a decrease in morphological changes, phagocytic activity, and cytokine expression [23]. Additionally, in epileptic rats, LEV (30 mg/kg, i.p. for 1 week) reduced reactive gliosis and the expression levels of IL-1β and interleukin 1 receptor type I in the hippocampus and piriform cortex [178]. Finally, the anti-inflammatory action of LEV has also been demonstrated using in vitro assays in microglial/astrocyte cocultures [292].



In addition, LEV treatment restored impaired astroglial gap junction coupling, along with repolarization of the membrane rest potential, under inflammatory conditions [293], and it increased the expression of growth factor beta 1 (GF-β1) [292]. The anti-inflammatory effects of LEV also were showed in diabetic mice; treatment with LEV (25 mg/kg) for six weeks reduced the transcription of proinflammatory molecules as NF-κB, TNF-α, IL-6, iNOS and Tumor protein 53 (Tp53), as well as regression of retinal inflammation and improvement in structural organization [253]. Using the BV-2 cell line and liposaccharide stimulation (inflammatory model of microglia in vitro), it was demonstrated that 50 μg/mL of LEV decreased the mRNA levels of IL-1β and TNF-α, and significantly decreased protein expression of NF-kB-light-chain-enhancer of activated B cells and signal transducer and activator of transcription 3 (STAT3; [252]). Moreover, in a mouse model of multiple sclerosis has been showed that LEV modulates the gene expression of IL-1β and tumoral growth factor-1beta (TGF-1β) acting as an anti-inflammatory [294]. Hansson et al. observed that, by combining LEV, glucose (high concentration), naloxone (low concentration), sildenafil, endorphin-1, and vitamin D3, Ca2+ signaling was restored in reactive astrocytes and, thus, they returned to their normal physiological state restoring its vital functions [270]. Taken together, the observations suggest that the efficacy of LEV derives, in part, from its ability to prevent astroglial inflammatory activity and the production of pro-inflammatory molecules via the inhibition of microglia activation and signaling pathways. In contrast, in serum samples from rats with spinal cord injury, LEV did not decrease levels of IL-1β, IL-6, IL-10, interferon γ (IFNγ), TNFα, and IL-4 in 1- and 24-h post injury [254].



The clinical evidence regarding the anti-inflammatory effect of LEV is limited. The prospective clinical trial of 21 epileptic patients treated with LEV (1464 ± 405 mg/day), showed a decrease in the percentage of T-lymphocytes (CD4+ CD25+) without significant changes in leukocytes, neutrophils, total lymphocytes, and cytokine levels (IL-1β, IL-6, TNF-α and monocyte chemoattractant protein-1, MCP-1) in the peripheral blood [295]. Similarly, in the serum of children with epilepsy, LEV or valproate treatment for 16 weeks does not change the serum IL-1β levels but decrease levels of the inflammatory marker C–C motif ligand 2 (CCL2). Additionally, both drugs reduced anxiety and improved quality of life in these pediatric patients [296]. In contrast, Gulcebi et al. found a decrease in the IL1- β concentration in patients on monotherapy with LEV for at least one month [297].



The mechanism by which LEV exerts the anti-inflammatory and antioxidant effects has not yet been established. Before, it was proposed that LEV may act as histone deacetylase (HDAC) inhibitor suggesting that this AED shows antioxidant and anti-inflammatory properties by its probable capacity of activating master regulators of antioxidant and cytoprotective genes and antioxidant response elements [298,299] and has been demonstrated that LEV protects against mitochondrial dysfunction in an experimental model of SE [246]. The ability of LEV to decrease the inflammatory response and neuronal damage appears to be mediated by regulating the Janus kinase 2, JAK2-STAT3 signaling pathway [252]. Moreover, LEV can inhibit N- P/Q and L-type calcium channels [136,137,138,139], which results in a decrease in the intracellular Ca2+ concentration required for the release of cytokines and chemokines from microglia activated responsible for neuroinflammation [300], suggesting that certain Ca2+ channels in microglia might be potent targets of LEV (Figure 7).




13. Rebound Effect and Aggressiveness Behavior


Lastly, it is important to mention that LEV, similar to all drugs, has adverse effects that can limit its use. Some of them have been mentioned before (see Clinical Indications in Epilepsy and Genetic Mechanism), but there are two interesting and little explored adverse events linked to the use of LEV: the rebound effect and aggressive behavior. The rebound effect is when an abrupt withdrawal from AEDs is followed by increased occurrence of epileptic seizures. This has been observed in patients with epilepsy, which have shown an increase in the frequency of focal-onset seizures or the switch of focal to bilateral tonic-clonic seizures [301]. In a TLE model induced by kainic acid has been reported a rebound effect after rapid LEV withdrawal [302]; nevertheless, patients with refractory focal-onset seizures and withdrawal of LEV did not show this phenomenon [303]. In addition, LEV can induce psychiatric and behavioral adverse reactions, for example, depression, anxiety, psychosis, and aggressive behavior with higher prevalence in children and adolescents than in adults [304]. Aggressive behavior in epilepsy has been the subject of many misconceptions and controversies, however, it can be defined as “a social behavior that is aimed at eliciting discomfort, pain, or physical damage, to oneself, to another person, or to things or at defending oneself against a threat” [304,305]. Aggressiveness has a complex and multifactorial background in people with epilepsy [304] and LEV together with BRIV, perampanel and topiramate have been associated with higher risk of aggressive behavior than other AEDs [304,306]. Deeper studies with better-defined terms can help researchers and physicians to understand the risk of these events in order to generate profiles of effective treatment.




14. Conclusions


The evidence in the literature displayed in the current review indicates that LEV has molecular and biochemical mechanisms, different from its action on SVA2, that allow this drug to exert antiepileptic, antiepileptogenic, anti-inflammatory, neuroprotective and antioxidant effects. These suggest that LEV administration can address some of the current necessities in epilepsy and in other conditions and can be used in drug repositioning.
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Figure 1. Chemical structures of racetams and molecular modifications. (A) Molecular structures of different SV2A ligands used in the text. (B) SAR map reported by Mittrapalli, 2014. (C) Updated SAR map according to our bibliographic search. 
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Figure 2. Schematic representation of the racetam binding site in SV2A found by molecular modeling. Despite having the same components, LEV binds differently than the rest of the racetams in a pocket in front of the racetam binding site that had some polar amino acids that can interact with polar groups in position 4, as in UCB-30889. 
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Figure 3. SV2A function. SV2A regulates the readily releasable pool (RRP) size (1) and during priming (2) facilitates the progression to the release-competent state, both allowing normal neurotransmission. In the exocytosis (3), SV2A functions as a target for residual calcium and finally, in the endocytosis (4), regulates the vesicle content of the calcium-sensor synaptotagmin protein. 
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Figure 4. Hypothetical integrated molecular mechanisms of action of LEV. (1) LEV diffuses throughout the blood–brain barrier and neuron membrane or enters during (2) exocytosis and endocytosis processes, subsequently exerts its action by various mechanisms. (3) LEV could decrease the function of SV2A during vesicular priming and thus diminishes the readily releasable pool and therefore the release of neurotransmitters (purple terminal). Another possibility is that LEV stabilizes SV2A and improves its function during (4) exocytosis, and (5) endocytosis modulating the expression and traffic of synaptotagmin protein. (6) Moreover, it has been reported that LEV blocks the voltage-dependent calcium channels, decreasing the synaptic transmission. (7) LEV reduces potassium currents inducing a decrease in the repetitive action potential generation. With respect to calcium intracellular systems, LEV reduces the calcium transients of (8) ryanodine and (9) IP3 receptors. In the GABAergic system, LEV modulates the region-dependent (10) glutamic acid decarboxylase (GAD) and increases (11) GABA transaminase (GABA-T). In the post-synapse, LEV blocks the effect of the (12) GABAA receptor antagonists. In the glutamatergic synapse, LEV modulates (13) AMPA receptors and decreases the excitatory current. (14) Finally, LEV interacts with noradrenaline, adenosine and serotonin receptors in post-synapse involved in pain system. 
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Figure 5. Hypothetical acti-ictogenic and neuroprotector effect of levetiracetam (LEV). (A) The anti-ictogenic effect of LEV seems to be an integrative mechanism, that involved the interaction to this AED with different pharmacological targets, resulting in a decrease in the excitability in the epileptic circuit. Although the exact mechanism throughout LEV can decrease the excitability remain unclear, the evidence suggests that SV2A plays a critical role. In epileptic nerve terminal, the binding LEV-SV2A could result in augment or decrease in neurotransmitter release. Moreover, LEV blocks the voltage calcium and decreases the release of the neurotransmitters. (B) GABA and glutamate are the principal neurotransmitters responsible for maintaining a balance between inhibition and excitation, respectively. In epilepsy, as well as in other pathologies that cause neuronal damage, there is an imbalance between these systems, which results in increased excitability and neuronal death. LEV decreases both events, perhaps by modulating neurotransmitter release by binding to SV2A, which may result in increased neurotransmitter release, particularly GABA, or in a decreased of neurotransmitter release, particularly glutamate. Regardless, whether LEV particularly increases GABA release or decreases glutamate release, the final effect is decreased excitability, seizures, and neuronal death by restored the balance between excitatory and inhibitory systems. 
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Figure 6. Putative antiepiletogenic levetiracetam (LEV) mechanism. (A) LEV is one of the few antiepileptic drugs (AED) able to retard or inhibit the generation of epileptic neural circuits. The mechanism through which it does is not completely elucidated, but apparently inhibiting the excessive synaptic transmission. (B) The binding LEV-SV2A improve the SV2A effects, diminishing the hyperexcitability and thus delays epileptogenesis. (C) LEV inhibit epileptic foci formation by suppressing BDNF synthesis and consequently the mossy fiber sprouting. 
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Figure 7. Anti-inflammatory effect of LEV. Seizures induces the activation of microglia, which in turn releases proinflammatory mediators, such as TNF-α, IL-1β, IL-6, etc. These cytokines promote the brain blood– brain barrier (BBB) damage and sustained neuronal inflammation leading to seizures and neurodegeneration, which activates further inflammation, establishing a vicious circle. The anti-inflammatory mechanism of LEV may be related to the voltage-activated Ca2+ channel inhibition present in the microglia (purple cell). This results in glia non-activation and thus the attenuation of inflammation. LEV also inhibits the JAK2-STAT3 signaling pathway. LEV can act as an HDAC inhibitor promoting the transcription of antioxidant and cytoprotective genes, restoring the oxidation–reduction balance. 
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Table 1. The antiepileptogenic role of LEV.
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	Autor
	Model
	LEV Treatment
	Findings





	Löscher et al. [218]
	Rat amygdala kindling model
	13, 27 or 54 mg/kg i.p. (16 days)
	After daily LEV (54 mg/kg), behavioral seizure and amygdala after discharge duration remained shorter.



	Stratton et al. [219]
	Rat amygdala kindling model
	50 mg/kg i.p. (16 days)
	LEV blocked seizure development when administered 1 h prior to electrical stimulation during the kindling phase. This effect continued after washout, suggesting that LEV blocked the underlying kindling mechanism and not simply masked seizure expression by its anticonvulsant action.



	Vinogradova and van Rijn [220]
	Rat audiogenic kindling model
	50 mg/kg i.p. (one)
	A single LEV injection significantly suppressed kindling progression. This is evidence of a long-lasting antiepileptogenic activity.



	Yan et al. [221]
	Spontaneously epileptic rat
	80 mg/kg/day i.p. (from postnatal weeks 5 to 8)
	Long-term LEV treatment inhibited development of seizure activity and this effect was still evident 5 weeks after cessation of treatment.



	Sugaya et al. [222]
	Rat perforant path kindling model
	100 mg/kg, i.p. (21 days)
	LEV inhibited both the development of kindling-induced potentiation in perforant path-granule cell synapses and development of perforant path kindling.



	Leo et al. [223]
	WAG/Rij rats Rat model of absence epilepsy
	80 mg/kg/day i.p. (17 weeks)
	LEV showed antiepileptogenic effects 1 month after discontinuation. However, it did not maintain its antiepileptogenic effect 5 months after suspension, and worsened depressive-like behavior.



	Itoh et al. [22]
	Mice, SE induced with pilocarpine
	500 mg/kg v.o. (28 days; twice a day)
	LEV treatment prevented the development of spontaneous recurrent seizures for at least 28 days.



	Sugaya et al. [224]
	Rat kainate-induced SE model
	100 mg/kg, i.p. (21 days)
	LEV treatment decreased the duration of spontaneous electrographic seizures 58 days after SE.



	Brandt et al. [225]
	Rat, SE induced by sustained electrical stimulation of the basal amygdala
	1000 mg/kg

Via osmotic minipumps

(5 weeks)
	LEV treatment did not prevent seizure development when administrated 4 after SE onset.
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