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Abstract

:

Temporal lobe epilepsy (TLE) represents the most common form of refractory focal epilepsy. The identification of innovative clinical biomarkers capable of categorizing patients with TLE, allowing for improved treatment and outcomes, still represents an unmet need. Circulating microRNAs (c-miRNAs) are short non-coding RNAs detectable in body fluids, which play crucial roles in the regulation of gene expression. Their characteristics, including extracellular stability, detectability through non-invasive methods, and responsiveness to pathological changes and/or therapeutic interventions, make them promising candidate biomarkers in various disease settings. Recent research has investigated c-miRNAs in various bodily fluids, including serum, plasma, and cerebrospinal fluid, of TLE patients. Despite some discrepancies in methodologies, cohort composition, and normalization strategies, a common dysregulated signature of c-miRNAs has emerged across different studies, providing the basis for using c-miRNAs as novel biomarkers for TLE patient management.






Keywords:


drug resistant epilepsy (DRE); antiseizure medications (ASMs); circulating microRNA (c-miRNA); biomarkers; temporal lobe epilepsy (TLE)












1. Introduction


Epilepsy is a chronic non-communicable neurological disorder characterized by recurrent and spontaneous epileptic seizures. Epilepsy affects more than 51 million individuals across the globe and every year more than 4.9 million people develop new-onset epilepsy, establishing its status as one of the prevalent neurological disorders on a global scale [1]. Epilepsy is marked by recurring seizures, a higher mortality rate, and reduced engagement in social activities and overall quality of life. The basic treatment of epilepsy is pharmacological therapy with antiseizure medications (ASMs) that raise seizure threshold, and thus reduce the propensity for seizures to occur. Nonetheless, about one-third of people with epilepsy do not achieve seizure control and do not respond effectively to current ASMs (drug-resistant epilepsy) and there are no available biomarkers to predict how an individual will respond to particular ASMs [2]. The epilepsy arises from a complex interplay of many genetic and acquired factors, such as altered neuronal excitability, genetic mutations, synaptic abnormalities, imbalances in neurotransmitters, disrupted network connectivity, and inflammatory responses [3]. For most patients, however, the identity of precipitating factors is unknown. The diversity of probable mechanisms and the different possible components of epileptogenesis and ictogenesis suggest various possible biomarker targets [2]. Temporal lobe epilepsy (TLE) is the most common form of refractory focal epilepsy, with an incidence of 40% among epileptic patients. Analysis of brain tissue from refractory epileptic patients and from animal models of TLE shows multi-pathway cellular changes, including neuron loss and gliosis within the hippocampus, inflammation, and reorganization of connections and extracellular structures, and the appearance of recurrent, spontaneous seizures (SRSs) which are resistant to several ASMs [4]. However, the exact underlying mechanisms of epileptogenesis in TLE are still unclear and the development of new ASMs did not provide disease modification in epilepsy or counteract drug resistance in epilepsy. Understanding the pathophysiology of TLE is crucial for the development of supplementary tools needed for disease-modifying or anti-epileptogenic therapies with the primary goal of enhancing patients’ quality of life [5]. The microRNAs (miRNAs), short non-coding RNAs that post-transcriptionally regulate the gene expression landscape, are among potential therapeutic targets and possible biomarkers of pathological changes in the epileptic brain [6]. Abnormal expression of miRNAs is related to various pathophysiological processes, including neuronal death, neuroinflammation, glial cell dysfunction, cell proliferation and migration, neurodegeneration, synaptic remodeling, and neuronal excitability, thus being strongly associated with epileptogenesis [7,8]. Different studies have found extensive dysregulation of various microRNAs (miRNAs) in experimental TLE and human epilepsy, providing evidence for their importance in the pathogenesis of epilepsy, and making them extremely interesting as targets in epilepsy [9]. Furthermore, these studies show that manipulating specific miRNAs can affect seizure thresholds in experimental models of epilepsy [10]. Therefore, dysregulated miRNA profiles in biofluids may be potentially useful biomarkers in people with drug-resistant TLE [11,12]. Regarding circulating microRNAs (c-miRNAs), altered levels have also been found in epilepsy patients [13,14] and in animal models of epilepsy, especially in TLE [15,16]. Through this literature review, the authors aim to provide a comprehensive synthesis of the current understanding of dysregulated c-miRNAs in TLE, with a focus on their potential capability of providing disease modification and counteracting drug resistance in TLE.




2. Temporal Lobe Epilepsy: Pathophysiology and Current Understanding


TLE is characterized by SRSs originating in the brain’s temporal lobe, such as the hippocampus or amygdala, and subsequently generalize to other structures. This condition is often, but not always, acquired after a trigger event or injury (infection, traumatic brain injury, stroke, cerebral tumors, febrile seizures) that induces a seizure or status epilepticus (SE). Individuals with TLE frequently encounter a diverse array of cognitive, psychiatric, and behavioral challenges as comorbid conditions along with seizures [17,18]. The International League Against Epilepsy describes two main types of TLE: mesial temporal lobe epilepsy (mTLE), involving the medial or internal structures of the temporal lobe such as hippocampal, parahippocampal gyrus, amygdala, and lateral or neocortical temporal lobe epilepsy (nTLE), a less frequent type, where the onset of seizures is localized in the temporal neocortex [19,20]. mTLE is one of the most common and well-defined forms of symptomatic refractory epilepsy and it is frequently associated with hippocampal sclerosis (HS) characterized by a loss of hippocampal neurons associated with astrogliosis or microgliosis, suggestive of Central Nervous System (CNS) injury and inflammation contributing to epileptogenesis [21,22]. These complex processes result in atrophy and long-term consequences, including cognitive decline and intractability in patients with mTLE [23]. Indeed, about 30% of TLE patients develop pharmacoresistance against available ASMs [24]. For these patients, the only potential relief from recurrent seizures comes from surgical resection of the temporal lobe, including the hippocampus [25]. The diagnosis of epilepsy is complex and subjected to many variations in the patients. Following the preliminary examination with electroencephalography (EEG), structural and functional neuroimaging more elaborative techniques such as Magnetic Resonance Imaging, high-resolution MRI, Positron Emission Tomography, Single Photon Emission Tomography, magnetic resonance spectroscopy, magnetoencephalography, diffusion tensor imaging, and Computed Tomography are available for determinate epileptogenesis foci. The basis of these techniques is different, but they may offer high-quality images that considerably facilitate the diagnosis of TLE. Although these techniques are very helpful in detecting brain abnormal electrical discharges or identifying probable causes of epilepsy, they might lead to false positive or false negative results [26,27]. Poor diagnosis often results in inappropriate pharmacotherapy leading to high morbidity of epileptic patients. Rapid and accurate diagnosis involving the identification of molecular biomarkers easily measurable in biofluids is particularly important in the group of TLE patients. Recently, it has started to emerge the notion that the mechanisms underlying the epileptogenesis, as well as the maintenance and progression of the SE in TLE, involve dysregulated miRNAs that control multiple genes on a system level [28,29]. Therefore, the identification of miRNAs, especially in easily accessible biofluids like blood, sputum or others, has the potential to improve the diagnosis of TLE [30,31]. c-miRNAs create a stable complex with blood proteins or get encapsulated in extracellular vesicles, remaining in circulation for some time after their release. As discussed in this review, c-miRNAs have all the above characteristics to be considered novel potential TLE biomarkers helping the diagnosis, evaluating the risk of developing epilepsy, monitoring, and refractory ASMs therapy.




3. microRNAs: Biogenesis and Function


miRNAs are a highly conserved class of short non-coding RNAs that function as negative regulators of gene expression [32]. The biogenesis of miRNAs begins with the transcription of miRNA precursors (pri-miRNA) of several hundred nucleotides (nts) by RNA polymerase II within the cell nucleus. These pri-miRNAs, featuring a stem-loop structure, are initially recognized by the nuclear ribonuclease Drosha, a member of the RNase III family, along with double-stranded RNA-binding protein partners, DiGeorge Syndrome Critical Region 8. Subsequently, the pri-miRNA is cleaved by Drosha, an RNA endonuclease, to generate pre-miRNA, 70 nts with a stem-loop structure, then transported to the cytoplasm through the action of Exportin-5. Here, pre-miRNAs are cleaved to form a double-stranded miRNA molecule consisting of driver and passenger strands, collectively forming the miRNA–miRNA* duplex, with each strand being 20–21 nts in length. This secondary processing is executed by the ribonuclease DICER, an endoribonuclease belonging to the RNase III family, in conjunction with the transactivation-responsive RNA-binding protein (TRBP) [33]. Both strands have the potential to function as mature miRNAs, yet typically, only one, referred to as the guide strand, is integrated into an miRNA-Induced Silencing Complex (miRISC) and acts as a functional miRNA. Conversely, the passenger strand (miRNA*) is typically subject to rapid degradation [33]. miRNAs function through various mechanisms in the regulation of gene expression. The main function is indeed represented by the post-transcriptional mRNA repression, since the miRISC complex brings mature miRNA to the 3′ untranslated regions of specific target mRNAs, leading to the suppression of protein expression and the facilitation of target mRNA degradation. Recent studies have indicated that miRNAs can also interact with ribonucleoproteins in an RISC-independent manner, interfering with their RNA binding functions, a phenomenon known as decoy activity [34]. Interestingly, certain studies have provided evidence that miRNAs can also directly impact gene transcription by binding to the promoter or regulatory regions of DNA. Currently, more than 2000 human precursor miRNAs and nearly 2700 mature miRNAs have been identified in the human genome [35]. However, it is important to note that research in this field is growing, and new miRNAs continue to be discovered. Each miRNA has the potential to influence the expression of hundreds of target genes. Accordingly, the regulation of gene expression by miRNAs has been associated with a plethora of essential biological processes, including regulating neurogenesis, neural differentiation, neuronal excitability, inflammation, apoptosis, and cell metabolism [36]. These processes are frequently altered during the pathophysiological development of various neurological diseases, including epilepsy as TLE [9,37].




4. Circulating microRNA-Based Biomarkers in Human Temporal Lobe Epilepsy


c-microRNAs were identified for the first time in 2008 [38] in plasma and serum samples, and subsequently in other body fluids including saliva, breast milk, cerebrospinal fluid, urine, and others [39]. c-miRNAs are packaged in extracellular vesicles (exosomes, microvesicles, apoptotic bodies), or complexed with either RNA-binding proteins (Argonaute) or lipoprotein (high-density lipoprotein). These complexes prevent their degradation from endogenous RNase activity, ensuring their stability in the extracellular environment and enabling their detection at low levels using rapid and dependable techniques like microarray, qRT-PCR or sequencing [40]. c-miRNAs also originate from controlled release, through active secretion, even in apoptotic bodies during physiological cell turnover, but also as a consequence of tissue injury. Moreover, it is known that under pathological conditions, miRNAs have the capability to pass from the brain tissue into the bloodstream through the blood-brain barrier (BBB), making them potentially useful as biomarkers for CNS diseases, such as epilepsy [41,42,43]. In addition, c-miRNAs have been shown as well conserved and involved in neural processes and functions including synaptic transmission, making them extremely interesting as potential drug targets for TLE [16]. Recently, it has been confirmed that a fraction of the circulating pool of miRNAs (miR-19b-3p) in the plasma of mice with kainate (KA)-induced TLE originates from the brain after SE [44]. This finding underscores the potential of brain-derived miRNAs as valuable circulating biomarkers for epilepsy diagnosis. Multiple studies have documented altered expression of c-miRNAs in blood during all phases of the epileptogenesis process, both in animal models of SE and in patients with TLE, providing evidence that epilepsy is associated with extensive changes in miRNA expression [44,45]. The pioneering evidence supporting the notion that brain injuries yield distinctive miRNA profiles in biofluids originates from Liu et al. who demonstrated that KA-induced SE in rats induced distinct alterations in a set of miRNAs within whole blood [46]. Based on this observation, numerous studies have been undertaken, encompassing both experimental models and patient samples, with the greatest part being conducted in the human population from 2015 to 2023 (Table 1).



In 2015, the first investigations on c-miRNAs within the human population were carried out [47,48]. The first study (revealed several serum miRNAs, miR-194-5p, miR-301a-3p, miR-30b-5p, miR-342-5p, and miR-4446-3p), which showed significant differences in drug-resistant patients compared to drug-responsive patients and healthy controls. This study included a total of 303 participants of which, 30 patients with drug-resistant epilepsy, 30 well-response patients, and finally a further 77 drug-resistant patients, 81 drug-responsive patients, and 85 healthy controls in the validation phase. In the discovery and training phase, all serum samples from both the 30 drug-resistant and 30 therapy-responsive patients were sequenced using Illumina HiSeq 2000 technology to select the miRNAs whose expression was altered in the resistant patients compared to the responsive ones. Subsequently, in this study by quantitative gene analysis (qRT-PCR), the serum miRNAs included as the drug-resistant signature were selected. This study for the first time showed that the expression of miR-194-5p, miR-301a-3p, miR-30b-5p, miR-342-5p, and miR-4446-3p in the serum samples of drug-resistant patients was different from that observed in drug-responsive patients, in fact their expression was significantly reduced in drug-resistant patients compared to healthy controls and drug-responsive patients [48].



In 2016, another study showed an upregulation of other c-miRNAs such as miR-143-3p, miR-145-3p, miR-365a-3p, and miR-532-5p in the serum of 15 patients with mTLE-HS, using RT-PCR followed by in-depth bioinformatic analysis of expression levels, 30 min post-seizure [49,50,51]. An increase in miR-129-2-3p plasma levels was documented in samples from patients with refractory TLE compared to healthy volunteers. This three-phase study examined cortical brain tissue samples from nine patients with refractory TLE and eight healthy controls screened for differential miRNA expression. Subsequently, quantitative RT-PCR analysis was performed to evaluate microarrays in brain tissue from a larger number of patients (13 patients with refractory TLE and 13 healthy controls). To further confirm the results, the expression levels by RT-PCR of selected miRNAs in 25 patients with TLE and 25 healthy controls were evaluated in plasma. Microarray analysis showed that miR-129-2-3p expression in both brain tissue and plasma was upregulated in refractory TLE patients compared to controls revealing a significant correlation between this miRNA and seizure frequency. These results suggest that plasma miRNA-129-2-3p could serve as a diagnostic biomarker for detection of refractory TLE [50]. Other authors collected serum during and after the seizure funding an overexpression of miR-378, miR-30a, miR-106b, and miR-15a at seizure onset, compared with levels post-seizure in the serum of patients with epilepsy. When the patients were at seizure onset, the expression of miR-30a was positively associated with seizure frequency suggesting that this miR may be useful for prognostic prediction in epilepsy [52]. Surges et al. collected blood at five different time points from patients with mTLE and compared changes in miRNA expression before and within 30 min, 3–6 h, 20–28 h, and 3–6 days after bilateral convulsive seizures. Additionally, 215 miRNAs were significantly increased within 30 min after bilateral convulsive seizures compared to baseline levels. Out of this miRNA pool, four miRNAs (miR-143-3p, miR-145-3p, miR-365a-3p, miR-532-5p) were successfully validated. The relative abundance of two miRNAs (miR-143-3p and miR-145-5p) in the blood, was inversely correlated with the total seizure duration. It is possible to hypothesize that seizure activity might trigger transient expression of miRNAs that decreases with increasing seizure duration [49].



Subsequently in 2017, three additional case-control studies were published, each contributing valuable insights to the field [53,54,55]. The first evaluation of miR-19b-3p, miR-21-5p, and miR-451a in plasma of TLE and SE patients was correlated with levels of the same miRNAs in cerebrospinal fluid, showing promise in discriminating TLE samples from controls and patients with other neurological diseases or SE [54]. Yan et al. have found that the miRNAs profile of plasma exosomal in patients mTLE-HS was different than healthy controls. Using qRT-PCR analysis, six miRNAs determined in 40 patients with mTLE-HS and 40 healthy controls were selected, and the results showed that exosomal miR-4668-5p, miR-4322, miR-8071, miR-6781-5p, and miR-197-5p were found to be significantly decreased in patients with mTLE-HS, while the expression level of miR-3613-5p was significantly increased [55].



In 2018, there was a nearly two-fold increase in the number of articles published on c-miRNAs in TLE compared to the previous years [56,57,58,59,60]. A set of three blood miRNAs (miR-27a-3p, miR-328-3p, and miR-654-3p) with high diagnostic potential, endowed with the capacity to discriminate between TLE, generalized epilepsy, and control samples have been identified. Bioinformatics analysis of the targets of the three miRNAs identified pathways linked to epilepsy, such as ATP-binding cassette drug transporters (ABCG2 and ABCA1), glutamate transporter SLC7A11 and TP53, and enriched pathways related to growth factor signaling. Furthermore, when examining the combined levels of these three miRNAs in exosomes, diagnostic accuracy increased [59]. The expression of miR-155, by RT-PCR, was found to be significantly higher in the blood serum of patients with TLE (age 72 ± 6.5) than in the healthy controls (age 68 ± 5.5), thus proving that miR-155 contributed to epileptogenesis and exhibited a neuroprotective effect on epilepsy-induced neuronal apoptosis via the PI3K/Akt/mTOR signaling pathway [57].



From 2019 to 2023, other studies investigating c-miRNAs in patients with TLE were published. The over-expression of miR-145, miR-181c, miR-199a, and miR-1183 in the blood of patients with drug-resistant mTLE-HS was identified [61]. Hippocampal and blood samples were collected from 20 patients who underwent amygdalohippocampectomy due to pharmacoresistant mTLE-HS (10 favorable surgical outcomes, Engel I and 10 with unfavorable surgical outcomes, Engel III–IV), and from 10 healthy controls. RT-PCR was used to analyze the expression of miR-145, miR-181c, miR-199a, and miR-1183, showing that the expressions of these miRNAs differed quantitatively in the hippocampus and blood of the mTLE-HS patients compared to the respective control. The miR-145, miR-181c, miR-199a, and miR-1183 were overexpressed in the blood of mTLE-HS patients, and this difference was more pronounced for miR-145, with no significant difference in the blood and hippocampus of Engel I patients and Engel III–IV patients [61]. Moreover, it was reported the downregulation of miR-145-5p in the plasma of patients with drug-resistant mTLE compared to healthy controls. This study cohort enrolled 40 patients with refractory epilepsy, including 11 with mTLE and 42 controls, and several plasma samples were collected from each patient for analysis by RT-PCR of miR-145-5p expression levels. The significant downregulation of plasma miR-145-5p in patients with refractory epilepsy and mTLE compared to healthy controls was reported, suggesting that its lower expression was associated with earlier age at epilepsy onset and more frequent seizures [62]. Overall, both studies identified significant alterations of c-miRNAs. It remains, however, unclear whether these changes in serum miRNA profiles reflect chronic changes associated with the underlying disease. In children’s patients, miR-146a and miR-106b plasma expression was significantly upregulated than that in normal control, suggesting that these upregulated plasma microRNAs could be used as biomarkers for epilepsy evaluation [63]. Another study by Zhao et al. has confirmed that miR-106b was more highly expressed in children with TLE than in the healthy group [64].



In 2020, a study found lower expression levels of miR-139-5p in the serum samples of children with refractory epilepsy compared with the serum from newly diagnosed epilepsy children and normal children. This decreased expression of miR-139-5p was accompanied by robust expression of Multidrug-resistance protein 1 (MRP1). Indeed, miR-139-5p exerts a negative regulation on MRP1 expression. Similarly, in refractory epilepsy, drug sensitivity was improved as a result of the upregulation of miR-139-5p through the downregulation of MRP1 that reduced apoptosis and promoted survival of neurons alleviating neuronal damage. Therefore, the upregulation of miR-139-5p could be a promising tool for the prevention of epilepsy progression and the reduction in ASMs resistance [65].



Other studies have identified a set of dysregulated blood plasma microRNAs comprising increased miR-93-5p, miR-142-5p, miR-182-5p, miR-199a-3p and decreased miR-574-3p during epileptogenesis or chronic epilepsy in rodent models of TLE. Validation studies found miR-93-5p, miR-199a-3p, and miR-574-3p were also dysregulated in plasma from patients with intractable TLE. The dysregulation of these specific miRNAs seems to be related to the development of disease rather than seizure [66]. Regarding miR-15a, significant downregulation in the serum of children with TLE has been found, suggesting its potential role in the pathogenesis of this disease. A significant relationship between this miRNA with TLE-induced reduction in cell viability and TLE-induced cell apoptosis has also been demonstrated. Nonetheless, miRNA-15a-5p seems to have great potential to be used as a biomarker for the diagnosis of TLE in children, since it showed high sensitivity and specificity [67]. Another study has found a significant dysregulation of miR-194-5p in the plasma of children with TLE than in healthy children, suggesting a high specificity and sensitivity of this miR-194-5p in the diagnosis of TLE in children [68].



In addition, RT-PCR analysis of three serum miRNAs, specifically miR-142-5p, miR-146a-5p, and miR-223-3p, were found to be significantly upregulated in 27 patients with TLE (17 drug responsive and 10 drug-resistant) compared to 20 control subjects. Moreover, results found from a logistic regression model demonstrated the effectiveness of miR-142-5p and miR-223-3p in distinguishing drug-sensitive to drug-resistant TLE patients [69]. Subsequently, by analyzing the expression profiles of miR-629-3p, miR-1202, and miR-1225-5p, in the blood of 20 patients with mTLE-HS (10 with favorable surgical prognosis Engel I, and 10 with unfavorable surgical prognosis, Engel III-IV) and 10 control subjects, it was shown that the expression of these miRNAs was upregulated in the blood of mTLE-HS patients compared to the control group [70]. The most recent research in the field of c-miRNAs and mTLE has reported a reduction in miR-22 expression levels in the serum of 40 mTLE-HS patients (10 drug-responsive and 30 drug-resistant) compared to 48 control blood donors. The down-modulation of the miR-22 in serum was inversely related to P2X7R overexpression in the hippocampus and temporal neocortex of human mTLE-HS patients [71] as also reported in the experimental TLE animal model [72]. Upregulation of the P2X7R in the brain may affect pathological processes associated with the severity and propagation of seizure. The inverse relationship between miR-22 and P2X7R implies the measure of serum miR-22 as a possible clinical surrogate of P2X7R brain expression in drug-resistant mTLE-HS patients [71].



In a study conducted in 2023, the serum levels of miR-146a-5p and miR-132-3p were measured in 40 adult epileptic patients and 40 control samples. RT-PCR analysis has found that serum expression levels of miR-146a-5p and miR-132-3p were significantly higher in epileptic patients compared to controls. In addition, a significant difference was observed in the expression of miRNA-146a-5p in the focal group when non-responder patients were compared to responder groups. Further analysis showed that increased seizure frequency was the only risk factor that could influence the drug’s response. Thus, miR-146a-5p and miR-132-3p may be involved in epileptogenesis and together these c-miRNAs may be useful as a diagnostic biomarker, but they are not predictors of ASMs response [73].



From all these studies, it emerges that several c-miRNAs are dysregulated in epileptic brains, and such dysregulation is involved in cellular processes correlated to the mTLE both in adult and children patients [74,75,76]. In the next section, we will provide a detailed analysis of six c-miRNAs as potential biomarkers. These miRNAs have been chosen based on their significant dysregulation in at least two separate studies conducted on biofluids from TLE patients.





 





Table 1. Circulating microRNA as biomarker in patients with TLE.






Table 1. Circulating microRNA as biomarker in patients with TLE.





	Significantly Dysregulated

xc-miRNAs
	Source
	Cohort Composition
	Technique
	References





	↓ miR-30b-5p (drug-resistant vs. drug-responsive, drug-resistant vs. Ctrl)

↓ miR-194-5p (drug-resistant vs. drug-responsive, drug-resistant vs. Ctrl)

↓ miR-301a-3p (drug-resistant vs. drug-responsive, drug-resistant vs. Ctrl)

↓ miR-342-5p (drug-resistant vs. drug-responsive, drug-resistant vs. Ctrl)

↓ miR-4446-3p (drug-resistant vs. drug-responsive, drug-resistant vs. Ctrl)
	Serum
	Discovery and training set:

30 TLE drug-resistant

30 TLE drug-responsive

Validation set:

77 TLE drug-resistant

81 TLE drug-responsive

85 controls
	Discovery set: Illumina HiSeq 2000 technology

Training and validation set: RT-PCR
	[16]



	↑ miR-134 (TLE vs. Ctrl)
	Plasma
	2 healthy controls

5 TLE drug-resistant

1 JME
	RT-PCR
	[47]



	↑ miR-129-2-3p (TLE vs. Ctrl)
	Plasma
	25 TLE

25 healthy controls
	RT-PCR
	[50]



	↓ miR-153-3p (mTLE vs. Ctrl)
	Plasma
	32 surgical patients with mTLE

18 surgical controls

56 mTLE

101 healthy non-surgical controls
	RT-PCR
	[51]



	↑ miR-143-3p (30 min post-seizure vs. pre-seizure)

↑ miR-145-3p (30 min post-seizure vs. pre-seizure)

↑ miR-365a-3p (30 min post-seizure vs. pre-seizure)

↑ miR-532-5p (30 min post-seizure vs. pre-seizure)
	Serum
	Validation set:

15 mTLE-HS (pre-seizure and 30 min following a single focal seizure evolving to a bilateral convulsive seizure)
	RT-PCR
	[49]



	↓ miR-134 (mTLE vs. Ctrl; mTLE drug-responsive vs. Ctrl; mTLE drug-resistant vs. Ctrl)
	Plasma
	Discovery set:

14 mTLE

13 focal cortical dysplasia

16 healthy controls

Validation set:

65 mTLE (27 drug-responsive and 38 drug-resistant)

83 healthy controls
	RT-PCR
	[53]



	↓ miR-4668-5p (TLE-HS vs. Ctrl)

↓ miR-4322 (TLE-HS vs. Ctrl)

↓ miR-8071 (TLE-HS vs. Ctrl)

↓ miR-6781-5p (TLE-HS vs. Ctrl)

↓ miR-197-5p (TLE-HS vs. Ctrl)

↑ miR-3613-5p (TLE-HS vs. Ctrl)
	Plasma exosomal
	Validation set:

40 mTLE-HS

40 healthy controls
	RT-PCR
	[55]



	↓ miR-153-3p (mTLE vs. Ctrl)
	Plasma
	22 surgical patients with mTLE

20 controls (head trauma or cerebral hemorrhage)
	qRT-PCR
	[58]



	↑ miR-27a-3p (EAS vs. Ctrl; EAS vs. EBS; TLE vs. Ctrl; GGE vs. Ctrl)

↑ miR-328-3p (EAS vs. Ctrl; EAS vs. EBS; TLE vs. Ctrl)

↓ miR-328-3p (EBS vs. Ctrl)

↑ Ago2-miR-328-3p (EAS vs. Ctrl; EAS vs. EBS)

↓ miR-654-3p (EBS vs. Ctrl; EBS vs. EAS)

↑ miR-654-3p (GGE vs. Ctrl)
	Plasma (Complexed to Argonaute2 or bound in exosomes)
	Discovery set:

32 TLE, samples was collected: EAS, EBS

32 healthy controls

Validation set:

102 TLE

10 FLE

23 GGE

6 SE

15 PNES

110 healthy controls
	RT-PCR

Digital PCR
	[59]



	↑ miR-155-5p (TLE vs. Ctrl)
	Serum
	TLE

healthy controls
	RT-PCR
	[57]



	↑ miR-301a-3p (mTLE vs. Ctrl)
	Plasma

and a sample of tissue from the left hippocampal region
	1 mTLE drug-resistant (Sudden and unexpected death in epilepsy)

10 controls (traumatic or asphyxia deaths)
	TaqMan assays
	[56]



	↑ miR-145 (Engel I vs. Ctrl)

↑miR-181c

↑ miR-199a (Engel I vs. Ctrl)

↑ miR-1183 (Engel I vs. Ctrl; Engel III-IV vs. Ctrl)
	Blood
	20 patients who underwent amygdalohippocampectomy due to pharmacoresistant mTLE-HS (10 Engel I and 10 Engel III–IV)

10 healthy controls
	RT-PCR
	[61]



	↓ miR-145-5p (Refractory epilepsy vs. Ctrl; mTLE vs. Ctrl)
	Plasma
	40 patients with refractory epilepsy (11 mTLE)

42 healthy controls
	RT-PCR
	[62]



	↑ miR-328-3p (mTLE-HS vs. Ctrl; Engle I vs. Ctrl; Engle III-IV vs. Ctrl)

↑ miR-654-3p (Engle I vs. Ctrl)
	Serum
	28 mTLE-HS (14 Engle I, 14 Engel III–IV)

11 healthy controls
	RT-PCR
	[45]



	↑ miR-142-5p (TLE vs. Ctrl; TLE drug-resistant vs. TLE drug-responsive)

↑ miR-146a-5p (TLE vs. Ctrl)

↑ miR-223-3p (TLE vs. Ctrl; TLE drug-resistant vs. TLE drug-responsive)
	Serum
	27 TLE (17 drug-responsive; 10 drug-resistant)

20 healthy controls
	RT-PCR
	[69]



	↑ miR-629-3p (mTLE-HS vs. Ctrl; Engel I vs. Ctrl; Engel III-IV vs. Ctrl)

↑ miR-1202 (mTLE-HS vs. Ctrl; Engel I vs. Ctrl)

↑ miR-1225-5p (mTLE-HS vs. Ctrl; Engel I vs. Ctrl; Engel III-IV vs. Ctrl)
	Blood
	20 mTLE-HS (10 Engel I; 10 Engel III–IV)

10 healthy controls
	RT-PCR
	[70]



	↓ miR-22 (mTLE-HS vs. Ctrl; drug-resistant vs. Ctrl)
	Serum
	40 mTLE-HS (10 drug-responsive; 30 drug-resistant)

48 healthy controls
	RT-PCR
	[71]







(↓ = reduced expression; ↑ = increased expression).












5. Candidate c-miRNAs with Biomarker Potential in TLE Patients


5.1. miR-27a-3p


miR-27a-3p is associated with inter-endothelial junction loss and barrier integrity disruption [77]. In the context of TLE, a systematic review and meta-analysis identified miR-27a-3p as one of the most consistently upregulated miRNAs across an analyzed set of expression profiles (three human TLE-HS studies and 11 experimental animal models of post-SE). Specifically, miR-27a-3p is among the eight consistently upregulated mature miRNAs in the latent stage of TLE [78]. Notably, in experimental kainate-induced TLE, the upregulation of miR-27a-3p produced neuronal death in the hippocampus after SE. In contrast, the inhibition of miR-27a-3p prevented epilepsy-induced inflammatory responses and hippocampal neuronal apoptosis by targeting mitogen-activated protein kinase 4 (MAP2K4) in the same model of TLE [79].



Moreover, in a litio–pilocarpine-induced TLE model, miR-27a-3p was able to regulate multiple ion channel-related differentially expressed genes as KCNB1, SCN1B, and KCNQ2 in mTLE [80]. Regarding circulating levels of miR-27a-3p, it has shown the potential to discriminate TLE patients from healthy controls, and it represents potential molecular seizure biomarkers, distinguishing post-seizure samples from baseline samples in plasma and exosomes. A 2018 study analyzed the plasma of 32 patients with TLE and 32 healthy patients, and the plasma of patients with TLE was divided into epilepsy baseline samples (before seizures, EBS) and after-seizure samples (after seizures, EAS). For validation, the expression levels of miR-27a-3p, miR-328-3p, and miR-654-3p were assessed in 102 patients with TLE (29 EBS and EAS), in 110 controls, 10 patients with frontal lobe epilepsy (FLE), 23 with genetic generalized epilepsy (GGE), 6 patients with SE, and finally 15 patients with seizures (PNES). In the first analysis, the authors observed that the miRNAs miR-27a-3p, miR-328-3p, and miR-654-3p were highly specific for patients with FLE compared to healthy patients and patients with GGE, whereas no significant differences were observed between healthy controls and patients with PNES. RT-PCR and digital PCR analysis especially in the exosome-enriched fraction showed good diagnostic accuracy, and it was also seen that Argonauta-complexed miR-328-3p was increased together with miR-27a-3p in patients with seizures, in contrast to miR-654-3p which was hypo-expressed in patients with TLE, thus demonstrating that these miRNAs can be considered important diagnostic biomarkers for epilepsy patients [59].



In pediatric patients with epilepsy, miR-27a-3p plasma levels were also lower than in healthy children as reported in adult patients; miR-27a-3p reduced the levels of Limk1, suggesting that Limk1 is a target of miR-27a-3p [81].



Bioinformatics analyses of targets related to miR-27a-3p underscore possible correlations with pathways linked to neuronal excitability and epilepsy [79]. Thus, miR-27a-3p plays an important role in the inflammatory response and apoptosis of hippocampal neurons in epilepsy.




5.2. miR-134


miR-134 has been identified as a key regulator in multiple facets of neuronal function. In the adult brain, it is constitutively expressed in the dendrites and in the neurons bodies [82] and in the CA1 and CA3 hippocampal regions [10]. The role of miR-134 is closely related to protein kinase LIM kinase-1 (Limk-1)-dependent dendritic spine development, synaptic transmission, and synaptic plasticity [83,84]. Also, miR-134 is a critical regulator of homeostatic synaptic repression, modulating synaptic strength by targeting Pumilio-2, underscoring its intricate role in maintaining the balance of synaptic function [85].



In the context of epilepsy, increased brain levels of miR-134-5p have been found in studies on animal models of TLE [76,83,86,87] and in tissues of patients with refractory TLE indicating miR-134 upregulation as a common response to drug-resistant TLE [10,82]. Increased miR-134 was linked by reduced protein levels of both Limk1 and CREB, suggesting these as possible targets in vivo [10]. Moreover, the increased circulating levels of miR-134 were strongly correlated with temporal lobe sclerosis. Injection of miR-134-targeting antagomirs blocked seizure-induced upregulation of miR-134, with consequent decrease in the subsequent occurrence of SRSs in the chronic stage of epileptogenesis and exerting neuroprotective effects in experimental models of TLE. The anti-epileptogenic effect seems to be partially mediated via the rescue of the LimK1 protein, a critical regulator of dendritic spine structure [10,87,88].



Studies of c-miR-134 validation as biomarkers of mTLE, showed that this miR can be the promising diagnostic biomarker of this epileptic disorder, although there is some controversy about the circulating levels of miR-134.



Regarding human epilepsy, studies conducted on c-miR-134 have found that it represents the most promising diagnostic biomarker in mTLE. In a study conducted by Avansini et al., quantitative RT-PCR was used to measure plasma levels of miR-134 in two study phases: an initial discovery phase with 14 patients with mTLE, 13 with focal cortical dysplasia and 16 controls; a validation cohort consisting of an independent cohort of 65 patients with mTLE and 83 controls. From the microRNA analysis, a significant downregulation of miR-134 was observed in the plasma of 14 patients with mTLE with HS and focal cortical dysplasia, compared to 16 healthy controls (p < 0.001), regardless of their response to treatment with ASMs or the presence of signs of HS on MRI. Therefore, this indicated that circulating miR-134 might act as a biomarker for mTLE itself rather than as a measure of response to ASM treatment [53]. In contrast, the same miRNA was documented in a small cohort study of patients with TLE. Plasma from the patients enrolled in the study was obtained from two healthy volunteers, five patients with drug-refractory TLE, and one patient with juvenile myoclonic epilepsy (JME was collected with a confirmed seizure-free monitoring period of at least 24 h to perform RNA extraction. Real-time PCR analysis using the TaqMan miRNA assay revealed very low levels of miR-134 in the samples of the healthy volunteers, whereas plasma miRNA levels were consistently higher in the TLE patients [47]. Thus, miR-134 upregulation seems to be a common response to pathologic brain activity, and the level of miR-134 changes in the plasma of TLE patients suggests that miR-134 may have diagnostic power [89]. In a study involving patients with various forms of newly diagnosed epilepsy, increased miR-134 expression was reported in patients with new onset epilepsy and SE, suggesting that the presence of higher plasma miRNA-134 levels at the onset of epilepsy may accompany the progression and severity of epileptic seizure. Therefore, at the onset of epilepsy, the determination of plasma levels of miR-134 may be useful to determine the severity and duration of the epileptic seizure as it reflects the extent of the underlying pathophysiological processes [90]. Patients with increased circulating miR-134 levels are at significantly higher risk for developing drug-resistant epilepsy, compared to those with favorable responses to ASMs, independently of temporal lobe sclerosis and other factors [91]. These recent studies suggest that it might be possible to modify epileptogenesis using strategies that target miR-134. Regarding pediatric epilepsy patients, only one study was conducted, showing upregulation of miR-134 in the plasma from pediatric patients compared with controls [81].




5.3. miR-153-3p


miR-153-3p exhibits high expression in brain tissue and is involved in the neuro-behavioral development during the early stage of neurogenesis [92]. Regarding epilepsy, it has been reported as significantly downregulated in the plasma of patients with drug-resistant mTLE. In this study, 56 patients diagnosed with mTLE undergoing treatment (of which 32 patients had undergone anterior temporal lobectomy), 18 patients undergoing surgical treatment for head trauma or brain hemorrhage, and 101 healthy controls of the same age were enrolled. miRNA expression analysis by RT-PCR on the temporal cortex showed a significant downregulation of miR-153-3p in the plasma of 32 mTLE surgical patients compared to 18 surgical controls, and downregulation of miR-153-3p was also validated in 56 mTLE patients with/without surgery compared to 101 healthy non-surgical controls. Notably, aberrant expression of miR-153-3p is associated with the upregulation of hypoxia-inducible factor-1 alpha (HIF-1α) in the temporal cortex of patients with mTLE [51]. The inverse correlation between the levels of HIF-1α and miR-153 underscores the significance of this miRNA in epileptic context. In a study conducted by Gong et al. to investigate the role of miR-153 in mTLE, its expression was assessed in 22 surgical cases of mTLE and 20 controls. Their data found that miR-153 was downregulated in mTLE patients compared to controls, and qRT-PCR showed that HIF-1α expression levels were upregulated in the temporal cortex of mTLE patients. These results showed that there is a negative correlation between miR-153 and HIF-1α expression levels [58].



Nowadays, it is known that HIF-1α actively contributes to the pathogenesis of pharmacoresistant epilepsy. This contribution is, in part, due to the upregulation of P-glycoprotein (P-gp), highlighting a multifaceted interplay between miR-153-3p, HIF-1α, and P-gp in molecular basis of resistance to pharmacological interventions [58]. From both studies, it emerges that miR-153, through the regulation of HIF-1α expression, contributes to the pathogenesis of drug-resistant epilepsy [51,58]. The convergence of these independent findings underscores the biological significance of the observed miR-153 downregulation across diverse patient cohorts, suggesting its potential role as a marker in the context of drug-resistant mesial TLE. All these data demonstrate that miR-153-3p is a key factor in epileptogenic processes, especially in drug-resistant TLE in both pre-clinical and clinical models of epilepsy. In pediatric patients, however, no data on miR-153-3p have been reported, instead, the only data that seems to have had an important diagnostic value in distinguishing pediatric patients with epilepsy from healthy children, were observed with miR-155, which seems to be a new diagnostic biomarker particularly related to both the degree of the disease and its course [93,94]. In this regard, Liu et al. demonstrated that the serum expression levels in exosomes of miR-155 were respectively high in epileptic children, and its expression levels also seemed to correlate not only with the disease course but also with the presence of an abnormal EEG, although the authors did not analyze whether there was a correlation between EEG findings and miR-155 expression [93].




5.4. miR-301a-3p


Similar to miR-153-3p, miR-301a-3p exhibits heightened expression in brain tissues compared to other tissues. In the context of epilepsy, miR-301-3p downregulation is documented in the hippocampus in a lithium-pilocarpine-induced SE rat model [95], as well as in the dentate gyrus of rats following amygdala stimulation-induced SE [96]. Similarly, it has been reported a significant downregulation of miR-301-3p in the hippocampus of pharmacoresistant TLE patients compared to controls [97]. In contrast, Kan et al. found an upregulation of miR-301a-3p in hippocampal tissue samples of patients with TLE, both with and without HS, compared to the hippocampus of autopsy control patients [98]. In biofluids, miR-301-3p displayed a significant decrease in the serum of drug-resistant patients compared to drug-responsive patients and healthy controls and it was negatively associated with seizure severity. Thus, miR-301a-3p demonstrated the highest diagnostic value for drug-resistant epilepsy and was inversely linked with seizure severity. The drug-resistant mechanism linked to impaired expression of this miR-301a-3p is correlated with an increased expression of NF-kB protein, supporting a role in inflammation and apoptosis [16,55]. However, controversial data also emerged in biofluids. De Mattes et al. documented, by TaqMan Assay, a marked upregulation of miR-301a-3p in both the hippocampus and plasma of a patient experiencing sudden and unexpected death in epilepsy due to drug-resistant mTLE in comparison to 10 autopsies for traumatic or asphyxia deaths [56]. Moreover, upregulated miR-301a-3p in the blood plasma from pediatric epilepsy patients has been found compared to those from healthy children [81]. The apparent inconsistency across these findings may arise from diverse factors, including technical variations, different standard methods, limited sample size, different study design, individual characteristics, lifestyle factors, among others, highlighting the complexity of interpreting c-miRNAs analyses.




5.5. miR-328-3p


Similar to miR-153-3p and miR-301a-3p, miR-328-3p displays elevated expression in brain tissues compared to other tissues. Despite this, research exploring its physiological role in neurological functions is lacking. Several articles reported this miRNA to function as both a tumor suppressor and an onco-miRNA in different tumors [99]. In the context of epilepsy, miR-328 levels significantly decrease in the rat hippocampus 48 h following pilocarpine-induced SE [100]. Regarding its potential as a biomarker, miR-328-3p was initially evaluated in a case-control design study conducted on plasma samples from drug-resistant epilepsy patients from two different centers. They reported that miR-328-3p plasma copy number in samples of TLE patients was significantly lower than that of controls, even in exosome-enriched fraction, effectively discriminating mTLE patients from healthy individuals [59]. In line with the clinical observation, the levels of miR-328-3p in plasma samples from mice with intra-amygdala kainic acid-induced TLE were significantly lower compared to those in the control group. Moreover, when comparing levels in patients with or without HSs, Raoof et al. found no significant differences in plasma levels of miR-328-3p between TLE patients with or without HS [59]. Ioriatt et al. also assessed this miRNA in the serum of patients with mTLE-HS, finding that the increase in the expression levels of miR-328-3p exhibited significant discriminatory power between healthy subjects and epilepsy patients, but no discriminative power in prognosis was identified when comparing patients with mTLE-HS (n = 28) with good surgical prognosis (Engel I group, n = 14) versus patients with mTLE-HS with unfavorable surgical prognosis (Engel III–IV group, n = 14) [45].



All these data on miR-328-3p suggest that there may be a link between levels of this biomarker in the bloodstream and seizure severity, emphasizing the need for further investigation in larger cohorts. Finally, a study on pediatric epilepsy patients found that levels of miR-328-3p were lower in the plasma of epileptic children than in healthy children, but this difference was not statistically significant [81].




5.6. miR-654-3p


miR-654-3p is implicated in the different biological pathways such as glutamate transporter SLC7A11, TP53, and ATP-binding cassette drug transporters. GLRA2, the glycine receptor subunit, is a specific target of miR-654-3p [66]. Several research articles pointed to the involvement of miR-654-3p in tumorigenesis across various contexts [101,102]. However, in epilepsy research, there are only two studies regarding miR-654-3p [45,59]. The study of Ioriatti reported significantly elevated levels of miR-654-3p in mTLE-HS patients (n = 28) with good surgical prognosis (Engel I, n = 14) compared to controls (n = 11), as well as Engel I compared to mTLE-HS with unfavorable surgical prognosis (Engel III–IV, n = 14), suggesting that miR-654-3p may serve as a potential marker for the surgical prognosis of mTLE-HS [45]. c-miR-654-3p levels demonstrated promising performance in differentiating patients with generalized seizures from individuals with TLE, and a similar pattern of downregulation of c-miR-654-3p has been found in samples from mice with intra-amygdala kainic acid-induced TLE or in plasma samples from mice with intra-amygdala kainic acid-induced TLE [59]. Based on all these data, it seems that c-miR-654-3p could potentially represent a diagnostic biomarker of TLE and a prognostic biomarker of the surgical outcome of epilepsy. In children with new-onset epilepsy, the plasma levels of miR-654-3p are more increased than healthy controls [81].





6. Insights into the Effect of miRNAs Target on Antiseizure Medication


Data on the influence of ASM on these six microRNA expression levels in body fluids are not consistent. Some studies have indicated that some ASMs can impact the dysregulated plasmatic expression miRNAs in both experimentally-induced epilepsy and epileptic patients. The effects of diazepam and carbamazepine, two ASMs that are more or less effective at suppressing SRS in mouse models of TLE, have been investigated on dysregulated plasmatic levels of miR-27a-3p, miR-328-3p, and miR-654-3p after intra-amygdala kainic acid-induced SE in mice. Administration of diazepam or carbamazepine did not alter the plasmatic levels of the three dysregulated miRNAs in epileptic mice [59,66]. These data suggest that levels of miRNA are more strongly correlated with underlying pathophysiology and disease processes rather than external influences or acute anti-seizure effects. The same ASM (diazepam or carbamazepine) used in three different models of epileptogenesis did not induce significant changes in plasma levels of other miRNAs (miR-199a-3p and miR-142-5p) reported in this paper. However, it cannot be excluded that other drugs may affect the levels of these miRNAs [66]. For example, silencing of miR-155, another miRNA reported in this review, by administering miR-155 antagomir, improved KA-induced seizures, electroencephalogram, and proinflammatory cytokine expression by inducing a morphological change in microglia. All these data therefore suggest that abnormal overexpression of miR-155 may contribute to epileptogenic processes through the induction of microglial neuroinflammation [103]. Regarding miR-134, its plasma level in the patients with severe epilepsy was significantly decreased after one month of treatment with valproic acid. This indicates that the plasma miRNA-134 level was elevated in epileptic patients, and the valproic acid treatment probably normalized the plasma miRNA-134 levels through downregulation of BDNF, in turn affecting the binding of miR-134 to LIM domain kinase-1 mRNA. Therefore, the elevated miRNA-134 plasma level can be likely used as a biomarker in epileptic seizure, while the decrease in plasma miRNA-134 possibly results from efficient anti-epileptic treatment. miR-134 levels have also been linked with the duration and severity of epileptic seizures before treatment, indicating that miR-134 would be feasible as a response-monitoring biomarker or novel therapy target rather than as a response-predictive marker [90].



Regarding other c-miRNAs reported in this review, c-miR-106b has been found to be more highly expressed in children with TLE than in the normal group, suggesting that miR-106b can be used as a potential diagnostic indicator for children with TLE. In pediatric patients, miR-106b expression levels were reduced following treatment with levetiracetam in combination sodium valproate, thus demonstrating that this miRNA could be considered a potential diagnostic marker for children with epilepsy after treatment [64].




7. Diagnostic and/or Prognostic Role of c-miRNAs in TLE


On the basis of above-reported findings, it is likely to use some miRNAs as markers for treatment outcome, while others to monitor disease progression. Therefore, in this context, miR-27a-3p, miR-134-5p, miR-153-3p, miR-301a-3p, miR-328-3p, and miR-654-3p seem to require special attention. The connection of miR-27a-3p, miR-328-3p, and miR-654-3p with epileptogenesis has been demonstrated by previous data, according to which overexpression of miR-27a-3p, miR-328-3p, and hypo-expression of miR-654-3p occur in patients with TLE and can be considered as diagnostic biomarkers for this condition [59].



Furthermore, miR-27a-3p appears to be consistently upregulated in the latent stage of TLE [78]. The overexpression of miR-328-3p also showed significant discriminatory power between healthy subjects and patients with epilepsy, but no discriminatory power in prognosis was identified when comparing patients with mTLE-HS with good surgical prognosis and patients with mTLE-HS with poor surgical prognosis, whereas its overexpression allowed us to discriminate patients with mTLE from healthy controls [59]. Regarding miR-654-3p, it was also shown a high variability of its expression. The connection, on the other hand, of miR-134 with epilepsy has been demonstrated by numerous studies, in which it was reported that its expression can also occur during short-term generalized seizures, thus indicating that under certain pathophysiological conditions, not only it affects neuronal activity but can also directly influence epileptogenic and pathogenic brain activity. It was found to be an important biomarker of chronic phase TLE, and its overexpression can occur following post-convulsive neuronal damage. These results therefore demonstrate that miR-134 may act as a biomarker of TLE itself rather than as a measure of response to ASM treatment [53,76]. The miR-153-3p was shown to be an important biomarker in the context of drug-resistant mTLE as its expression levels were downregulated in these patients, and thus allowed to distinguish patients with drug-resistant mTLE from healthy subjects [58]. Finally, miR-301-3p was also shown to be an important biomarker in the context of drug-resistant epilepsy, as its altered expression correlated with increased neuronal inflammation, and its data could provide the best values for diagnosis in patients with drug-resistant epilepsy [55,56].



Of note, miR-146, plasma miR-134, plasma miR-145-5p, serum miR-301a-3p, and miR-153 have been reported as potential diagnostic biomarkers for drug-resistant epilepsy [16,51,62,91]. These c-miRNAs represent an opportunity as a highly sought-after predictive biomarker in the therapeutic management of these epileptic drug-resistant patients. Potential diagnostic biomarkers for TLE are serum miR-223, serum miR-142 [69], plasma miR-199a, plasma miR-574-3p, blood plasma miR-27a-3p, blood plasma miR-328-3p, and blood plasma miR-654-3p [59,66]. Potential diagnostic biomarkers for mTLE are represented by plasma miR-145-5p [62] and plasma miR-134 [53]. Potential diagnostic biomarkers for mTLE with HS are reported to be blood miR-145, blood miR-181c, blood miR-199a, blood miR-1183 [61], plasma exosomes miR-3613-5p, miR-4668-5p, miR-8071, miR-197-5P [55], serum miR-328-3p, and serum miR-654-3p [45]. Instead, circulating miR-654-3p and miR-145-5p have been proposed as potential prognostic biomarkers of mTLE-HS [45] and mTLE [62], respectively. Prognostic biomarkers for drug-resistant TLE are represented by serum miR-223, serum miR-142 [69], serum miR-146, and serum miR-134 [91].




8. Different miRNAs Behavior and Their Variability as Biomarkers


The study by Avansini et al. revealed a statistically significant decrease in plasma miR-134 levels in patients with mTLE compared with the control group; therefore, the authors concluded that such a decrease represents a potential diagnostic biomarker of mTLE [53]. In contrast, a study on five patients with TLE and one patient with JME has found increased expression of circulating miR-134 in the blood of these patients, which led them to conclude that miR-134 may be a useful marker in refractory epilepsy [47]. On the other hand, it has been shown that overexpression of miR-134 occurred in some areas of the hippocampus after seizures following local post-convulsive neuronal damage. This overexpression was observed in a mouse model of mTLE and in surgically obtained hippocampal tissue samples from patients with therapeutically resistant mTLE [10].



Also, in a mouse model of mTLE, animals that overexpressed miR-134 at the level of the hippocampus presented a 50% higher seizure frequency and risk of developing the epileptic state than animals in which miR-134 expression did not change [82]. Based on these and other studies, it might therefore appear that the results of the study by Avansini et al. are at odds with the rest of the evidence to date [53]. It must be said, however, that although the discovery of the regulation of miRNAs in biofluids, including blood, has made the hypothesis of using them as non-invasive diagnostic biomarkers very attractive; however, much remains to be understood about their expression in various brain areas and blood in conjunction with epilepsy, especially considering that the expression of such c-miRNAs can vary so much depending on the form of epilepsy studied. Thus, it is not surprising that miR-654-3p behaves differently in different forms of epilepsy [45,59] or that miR-301-a-3p is hypo-expressed in the hippocampus of patients with pharmacoresistant TLE [16] and conversely overexpressed in the hippocampus and blood of patients with drug-resistant mTLE [56].



Regarding miR-134, although neurons appear to be the main cell type expressing it, there remains some uncertainty, however, about which subtypes of neurons more specifically express it. Two works support the hypothesis of broad expression in both excitatory and inhibitory neurons [84,89]. However, an increased expression of miR-134 in some populations of inhibitory interneurons has also been suggested [89]. Addressing this point would be important because modulation of miR-134 levels could have opposite effects if it is predominantly expressed in inhibitory rather than excitatory neurons.



Even more fascinating and complex then turns out to be the hypothesis that miR-134 can function differently, through distinct molecular mechanisms, depending on the specific brain states at hand [89]. Indeed, not only epilepsy but also other neurological disorders can cause increased plasma levels of miR-134, and this raises the issue that it may not be specific enough as a biomarker of epilepsy [104,105]. Another explanation for the discordance in the data could be provided by the fact that miRNAs are brain-specific, and thus their presence in the circulation reflects possible brain damage or alteration of the BBB that is known to accompany seizures, but they are also susceptible to intense changes in a short time [44]. In addition, it has been reported lower levels of miR-134 in the plasma of mTLE patients, while the other studies focused on other forms of epilepsy or included a heterogeneous group of epilepsy forms. However, the authors themselves acknowledge that their sample size was rather small because of the high variability in antiepileptic drug treatments and daily drug dose; therefore, the results of their study may have marginal statistical significance. These limitations indicate the need for further studies performed on larger samples, ideally including different patients with different types of epilepsy, seizure frequency, and ASMs treatment. It is realistic to assume that no biomarker considered individually will achieve 100% prognostic or diagnostic specificity and that rather a combination of different biomarkers together with clinical information will be more likely to be used in clinical practice [53]. Finally, Tanaka et al. investigated the role of a c-miRNA as a marker for patients with acute leukemia and revealed that although miR-92a is overexpressed in lymphoma cells, it is underregulated at the plasma level. Therefore, the authors suggested that microRNAs are enclosed within exosomes secreted by cells; however, these exosomes are trapped and cannot be released, and consequently, miR-92a decreases in the blood [106]. This interesting viewpoint opens new perspectives in the interpretation of the different expressions between blood and tissues of each miRNA.




9. Challenges and Future Directions


Data presented in this review lead us to hypothesize that c-miRNAs are attractive candidates for the diagnosis of epileptogenesis, epilepsy, or acute seizures. It has been demonstrated that changes in miRNAs expression in body fluids occur earlier than traditional biomarkers. An exciting opportunity indeed relies on the possible use of c-miRNAs not only for earlier non-invasive diagnosis to estimate the state of epileptic disorder and the efficacy of treatments, but also to predict the risk factors for the development of SE in epileptic patients, aiding in the design of more personalized therapeutic approaches in TLE. Furthermore, c-miRNAs are of particular interest in the clinical field, as serum samples from patients with mTLE are easily accessible compared to brain tissue samples, especially in studies on childhood TLE, and are constantly circulating in the blood plasma in a stable form, being much more abundant in the plasma than in the brain. Unfortunately, there are limited studies in children with TLE compared to studies in adults. Several c-miRNAs are differentially expressed at baseline or post-seizure blood samples from patients with drug-resistant epilepsy in experimental models of TLE; however, whether some of the circulating pool of miRNAs are derived from the brain remains to be determined. To date, only a recent study has found certain c-miRNAs that originated from neurons in experimental TLE [44]. Additional studies are needed to further investigate the brain cellular origins of c-miRNAs in epilepsy models and patients. In addition, the blood plasma miRNAs may also represent an important source of diagnostic biomarkers for TLE that could also support clinical studies of antiepileptogenesis or disease-modifying therapies.



The greatest Interest in the diagnostic value of plasma miRNAs levels is their role as biomarkers of the development of therapeutic resistance to ASMs, as reported by different studies [16,28,97,98]. Nevertheless, further studies are needed to better understand the c-miRNAs correlation in the TLE mechanisms and provide safe and feasible strategies to modulate c-miRNAs for the treatment of epilepsy or prevention of epileptogenesis in TLE. Different studies on the expression level of miRNAs in biofluid have found changes in both serum and plasma at various stages of epilepsy development, showing the feasibility of detecting miRNAs in blood in both experimental models and human epilepsy. There are studies on miRNA plasma levels in preclinical and clinical TLE and it has been proposed a standardized sampling protocol for the discovery of c-miRNA biomarkers in rat models of epileptogenesis. Such a protocol could facilitate clinical biomarker discovery for human epileptogenesis [107].



In preclinical and clinical TLE studies, both plasma and serum are used for extracellular miRNA detection. Despite large progress in finding the association of specific c-miRNAs in epilepsy, factors that may affect the measurement of c-miRNAs concentrations have yet to be fully delivered.



While the miRNA profiles of plasma and serum are comparable in general terms, subtle changes in the expression patterns may occur. miRNA studies suggest that plasma may be the sample of choice in studying c-miRNAs, since miRNAs released during the coagulation process may change the true repertoire of c-miRNAs. Therefore, the plasma is less prone to certain contamination issues in which serum is affected. However, it remains to be investigated if serum or plasma is the better source of c-miRNAs biomarkers for human TLE. There is currently a lack of endogenous controls for serum or plasma miRNAs, and additional studies are necessary to compare miRNAs efficiency between serum and plasma in patients with TLE disorder. Also, the different expression of c-miRNAs among various studies can be due to the influence of the onset and course of TLE and drug resistance. There is still a lack of prospective longitudinal studies conducted on patient samples obtained at the time of diagnosis of TLE before starting ASM treatment. These ASMs can be a major confusing factor in the observed differences in c-miRNAs levels in different studies.



Overall, data reported in this review are only a small portion of the c-miRNAs studies so far, which have been associated with TLE and performed with blood samples collected from adult patients; conversely, the use of c-miRNAs as biomarkers for TLE remains scarcely investigated in epileptic children. The c-miRNAs-related mechanisms of early-life epilepsy would contribute to a rapid and precise diagnosis of TLE, as well as to the design of preventive strategies that improve the life quality of TLE children. Therefore, considering the elevated occurrence of TLE in children and adults, additional studies of the diagnostic and prognostic significance of c-miRNAs in epileptic children as potential biomarkers are foreseen.



In conclusion, c-miRNAs show strong promise as blood-based biomarkers in TLE clinical management as they are implicated in various molecular mechanisms underlying the epileptic disorder, and they can be utilized as biomarkers for better diagnosis and/or evaluation of epileptic progression. However, additional studies are needed in this area, particularly including multicenter and international clinical studies, and developing or improving the technologies for their detection in biofluids. The determination of miRNA plasma levels could indeed represent a valuable instrument to support the diagnosis and predict the prognosis of patients with TLE, in association with EEG, neuroimaging, and clinical history.







Author Contributions


Conceptualization, N.A. and A.L.; writing—original draft preparation, S.C., L.G. (Lorenza Guarnieri) and M.T.; writing—review and editing, R.C., F.B. and V.R.; reviewing and supervision, N.A., L.G. (Luca Gallelli) and G.D.S. All authors have read and agreed to the published version of the manuscript.




Funding


Work supported by #NEXTGENERATIONEU (NGEU) and funded by the Ministry of University and Research (MUR), National Recovery and Resilience Plan (NRRP), project MNESYS (PE0000006)—A Multiscale integrated approach to the study of the nervous system in health and disease (DN. 1553 11.10.2022).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Stefano Ruga for contributing to the realization of the table and improving the contents.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Kanmounye, U.S.; Abu-Bonsrah, N.; Shlobin, N.A.; Djoutsop, O.M. Letter: The World Health Organization’s Intersectoral Global Action Plan on Epilepsy and Other Neurological Disorders 2022–2031. Neurosurgery 2022, 90, E201–E203. [Google Scholar] [CrossRef]

	



Kobylarek, D.; Iwanowski, P.; Lewandowska, Z.; Limphaibool, N.; Szafranek, S.; Labrzycka, A.; Kozubski, W. Advances in the Potential Biomarkers of Epilepsy. Front. Neurol. 2019, 10, 450539. [Google Scholar] [CrossRef] [PubMed]

	



Vera-González, A. Pathophysiological Mechanisms Underlying the Etiologies of Seizures and Epilepsy. In Epilepsy; Exon Publications: Brisbane, Australia, 2022. [Google Scholar] [CrossRef]

	



Schidlitzki, A.; Bascuñana, P.; Srivastava, P.K.; Welzel, L.; Twele, F.; Töllner, K.; Käufer, C.; Gericke, B.; Feleke, R.; Meier, M.; et al. Proof-of-Concept That Network Pharmacology Is Effective to Modify Development of Acquired Temporal Lobe Epilepsy. Neurobiol. Dis. 2020, 134, 104664. [Google Scholar] [CrossRef]

	



Löscher, W. The Holy Grail of Epilepsy Prevention: Preclinical Approaches to Antiepileptogenic Treatments. Neuropharmacology 2020, 167, 107605. [Google Scholar] [CrossRef] [PubMed]

	



Sueri, C.; Gasparini, S.; Balestrini, S.; Labate, A.; Gambardella, A.; Russo, E.; Leo, A.; Casarotto, S.; Pittau, F.; Trimboli, M.; et al. Diagnostic Biomarkers of Epilepsy. Curr. Pharm. Biotechnol. 2018, 19, 440–450. [Google Scholar] [CrossRef]

	



Wang, J.; Zhao, J. MicroRNA Dysregulation in Epilepsy: From Pathogenetic Involvement to Diagnostic Biomarker and Therapeutic Agent Development. Front. Mol. Neurosci. 2021, 14, 650372. [Google Scholar] [CrossRef]

	



Slota, J.A.; Booth, S.A. MicroRNAs in Neuroinflammation: Implications in Disease Pathogenesis, Biomarker Discovery and Therapeutic Applications. Non-Coding RNA 2019, 5, 35. [Google Scholar] [CrossRef]

	



Bencurova, P.; Baloun, J.; Musilova, K.; Radova, L.; Tichy, B.; Pail, M.; Zeman, M.; Brichtova, E.; Hermanova, M.; Pospisilova, S.; et al. MicroRNA and Mesial Temporal Lobe Epilepsy with Hippocampal Sclerosis: Whole MiRNome Profiling of Human Hippocampus. Epilepsia 2017, 58, 1782–1793. [Google Scholar] [CrossRef] [PubMed]

	



Jimenez-Mateos, E.M.; Engel, T.; Merino-Serrais, P.; McKiernan, R.C.; Tanaka, K.; Mouri, G.; Sano, T.; O’Tuathaigh, C.; Waddington, J.L.; Prenter, S.; et al. Silencing MicroRNA-134 Produces Neuroprotective and Prolonged Seizure-Suppressive Effects. Nat. Med. 2012, 18, 1087–1094. [Google Scholar] [CrossRef]

	



Bohosova, J.; Vajcner, J.; Jabandziev, P.; Oslejskova, H.; Slaby, O.; Aulicka, S. MicroRNAs in the Development of Resistance to Antiseizure Drugs and Their Potential as Biomarkers in Pharmacoresistant Epilepsy. Epilepsia 2021, 62, 2573–2588. [Google Scholar] [CrossRef]

	



Morris, G.; O’Brien, D.; Henshall, D.C. Opportunities and Challenges for MicroRNA-Targeting Therapeutics for Epilepsy. Trends Pharmacol. Sci. 2021, 42, 605–616. [Google Scholar] [CrossRef]

	



Enright, N.; Simonato, M.; Henshall, D.C. Discovery and Validation of Blood MicroRNAs as Molecular Biomarkers of Epilepsy: Ways to Close Current Knowledge Gaps. Epilepsia Open 2018, 3, 427–436. [Google Scholar] [CrossRef]

	



Gu, Y.; Wu, H.; Wang, T.; Yu, S.; Han, Z.; Zhang, W.; Mu, L.; Wang, H.; Na, M.; Wang, H.; et al. Profiling Analysis of Circular RNA and MRNA in Human Temporal Lobe Epilepsy with Hippocampal Sclerosis ILAE Type 1. Cell. Mol. Neurobiol. 2022, 42, 2745–2755. [Google Scholar] [CrossRef]

	



Liao, X.Q.; Yu, H.C.; Diao, L.M.; Lu, L.; Li, H.; Zhou, Y.Y.; Qin, H.L.; Huang, Q.L.; Lv, T.T.; Huang, X.M. Differentially Expressed CircRNA and Functional Pathways in the Hippocampus of Epileptic Mice Based on Next-Generation Sequencing. Kaohsiung J. Med. Sci. 2021, 37, 803–811. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Tan, L.L.; Tan, L.L.; Tian, Y.; Ma, J.; Tan, C.C.; Wang, H.F.; Liu, Y.; Tan, M.S.; Jiang, T.; et al. Circulating MicroRNAs Are Promising Novel Biomarkers for Drug-Resistant Epilepsy. Sci. Rep. 2015, 5, 10201. [Google Scholar] [CrossRef] [PubMed]

	



Vinti, V.; Dell’Isola, G.B.; Tascini, G.; Mencaroni, E.; Di Cara, G.; Striano, P.; Verrotti, A. Temporal Lobe Epilepsy and Psychiatric Comorbidity. Front. Neurol. 2021, 12, 775781. [Google Scholar] [CrossRef]

	



Qin, L.; Jiang, W.; Zheng, J.; Zhou, X.; Zhang, Z.; Liu, J. Alterations Functional Connectivity in Temporal Lobe Epilepsy and Their Relationships with Cognitive Function: A Longitudinal Resting-State FMRI Study. Front. Neurol. 2020, 11, 625. [Google Scholar] [CrossRef]

	



Furukawa, A.; Kakita, A.; Chiba, Y.; Kitaura, H.; Fujii, Y.; Fukuda, M.; Kameyama, S.; Shimada, A. Proteomic Profile Differentiating between Mesial Temporal Lobe Epilepsy with and without Hippocampal Sclerosis. Epilepsy Res. 2020, 168, 106502. [Google Scholar] [CrossRef]

	



Blümcke, I.; Thom, M.; Aronica, E.; Armstrong, D.D.; Bartolomei, F.; Bernasconi, A.; Bernasconi, N.; Bien, C.G.; Cendes, F.; Coras, R.; et al. International Consensus Classification of Hippocampal Sclerosis in Temporal Lobe Epilepsy: A Task Force Report from the ILAE Commission on Diagnostic Methods. Epilepsia 2013, 54, 1315–1329. [Google Scholar] [CrossRef] [PubMed]

	



Bruxel, E.M.; Bruno, D.C.F.; do Canto, A.M.; Geraldis, J.C.; Godoi, A.B.; Martin, M.; Lopes-Cendes, I. Multi-Omics in Mesial Temporal Lobe Epilepsy with Hippocampal Sclerosis: Clues into the Underlying Mechanisms Leading to Disease. Seizure 2021, 90, 34–50. [Google Scholar] [CrossRef]

	



Ammothumkandy, A.; Ravina, K.; Wolseley, V.; Tartt, A.N.; Yu, P.N.; Corona, L.; Zhang, N.; Nune, G.; Kalayjian, L.; Mann, J.J.; et al. Altered Adult Neurogenesis and Gliogenesis in Patients with Mesial Temporal Lobe Epilepsy. Nat. Neurosci. 2022, 25, 493–503. [Google Scholar] [CrossRef]

	



Vrinda, M.; Arun, S.; Srikumar, B.N.; Kutty, B.M.; Shankaranarayana Rao, B.S. Temporal Lobe Epilepsy-Induced Neurodegeneration and Cognitive Deficits: Implications for Aging. J. Chem. Neuroanat. 2019, 95, 146–153. [Google Scholar] [CrossRef]

	



Yang, L.; Zhang, R.; Zhu, H.; Chen, F.; Yu, N.; Di, Q. Factors Influencing the Long-Term Prognosis of Patients with Temporal Lobe Epilepsy: A Single Center Study. Ann. Palliat. Med. 2020, 9, 3194203. [Google Scholar] [CrossRef]

	



Mathon, B.; Bédos Ulvin, L.; Adam, C.; Baulac, M.; Dupont, S.; Navarro, V.; Cornu, P.; Clemenceau, S. Surgical Treatment for Mesial Temporal Lobe Epilepsy Associated with Hippocampal Sclerosis. Rev. Neurol. 2015, 171, 315–325. [Google Scholar] [CrossRef]

	



Labate, A.; Sammarra, I.; Trimboli, M.; Caligiuri, M.E.; Gambardella, A. Looking for Indicative Magnetic Resonance Imaging Signs of Hippocampal Developmental Abnormalities in Patients with Mesial Temporal Lobe Epilepsy and Healthy Controls. Epilepsia 2020, 61, 1714–1722. [Google Scholar] [CrossRef] [PubMed]

	



Bandopadhyay, R.; Singh, T.; Ghoneim, M.M.; Alshehri, S.; Angelopoulou, E.; Paudel, Y.N.; Piperi, C.; Ahmad, J.; Alhakamy, N.A.; Alfaleh, M.A.; et al. Recent Developments in Diagnosis of Epilepsy: Scope of MicroRNA and Technological Advancements. Biology 2021, 10, 1097. [Google Scholar] [CrossRef] [PubMed]

	



Yakovleva, K.D.; Dmitrenko, D.V.; Panina, I.S.; Usoltseva, A.A.; Gazenkampf, K.A.; Konovalenko, O.V.; Kantimirova, E.A.; Novitsky, M.A.; Nasyrova, R.F.; Shnayder, N.A. Expression Profile of MiRs in Mesial Temporal Lobe Epilepsy: Systematic Review. Int. J. Mol. Sci. 2022, 23, 951. [Google Scholar] [CrossRef]

	



Martinez, B.; Peplow, P.V. MicroRNAs as Potential Biomarkers in Temporal Lobe Epilepsy and Mesial Temporal Lobe Epilepsy. Neural Regen. Res. 2023, 18, 716–726. [Google Scholar] [CrossRef] [PubMed]

	



Asadi-Pooya, A.A.; Tajbakhsh, A.; Savardashtaki, A. MicroRNAs in Temporal Lobe Epilepsy: A Systematic Review. Neurol. Sci. 2021, 42, 571–578. [Google Scholar] [CrossRef] [PubMed]

	



Engel, J.; Pitkanen, A.; Loeb, J.A.; Dudek, F.E.; Bertram, E.H.; Cole, A.J.; Moshé, S.L.; Wiebe, S.; Jensen, F.E.; Mody, I.; et al. Epilepsy Biomarkers. Epilepsia 2013, 54, 61–69. [Google Scholar] [CrossRef] [PubMed]

	



Komatsu, S.; Kitai, H.; Suzuki, H.I. Network Regulation of MicroRNA Biogenesis and Target Interaction. Cells 2023, 12, 306. [Google Scholar] [CrossRef] [PubMed]

	



Ha, M.; Kim, V.N. Regulation of MicroRNA Biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509–524. [Google Scholar] [CrossRef] [PubMed]

	



Beitzinger, M.; Meister, G. Preview. MicroRNAs: From Decay to Decoy. Cell 2010, 140, 612–614. [Google Scholar] [CrossRef]

	



O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front. Endocrinol. 2018, 9, 388354. [Google Scholar] [CrossRef]

	



Rezaee, D.; Saadatpour, F.; Akbari, N.; Zoghi, A.; Najafi, S.; Beyranvand, P.; Zamani-Rarani, F.; Rashidi, M.A.; Bagheri-Mohammadi, S.; Bakhtiari, M. The Role of MicroRNAs in the Pathophysiology of Human Central Nervous System: A Focus on Neurodegenerative Diseases. Ageing Res. Rev. 2023, 92, 102090. [Google Scholar] [CrossRef]

	



Brennan, G.P.; Henshall, D.C. MicroRNAs in the Pathophysiology of Epilepsy. Neurosci. Lett. 2018, 667, 47–52. [Google Scholar] [CrossRef]

	



Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.; O’Briant, K.C.; Allen, A.; et al. Circulating MicroRNAs as Stable Blood-Based Markers for Cancer Detection. Proc. Natl. Acad. Sci. USA 2008, 105, 10513–10518. [Google Scholar] [CrossRef]

	



Weber, J.A.; Baxter, D.H.; Zhang, S.; Huang, D.Y.; Huang, K.H.; Lee, M.J.; Galas, D.J.; Wang, K. The MicroRNA Spectrum in 12 Body Fluids. Clin. Chem. 2010, 56, 1733–1741. [Google Scholar] [CrossRef]

	



Schwarzenbach, H.; Nishida, N.; Calin, G.A.; Pantel, K. Clinical Relevance of Circulating Cell-Free MicroRNAs in Cancer. Nat. Rev. Clin. Oncol. 2014, 11, 145–156. [Google Scholar] [CrossRef] [PubMed]

	



Petrescu, G.E.D.; Sabo, A.A.; Torsin, L.I.; Calin, G.A.; Dragomir, M.P. MicroRNA Based Theranostics for Brain Cancer: Basic Principles. J. Exp. Clin. Cancer Res. 2019, 38, 231. [Google Scholar] [CrossRef] [PubMed]

	



Stoicea, N.; Du, A.; Lakis, C.D.; Tipton, C.; Arias-Morales, C.E.; Bergese, S.D. The MiRNA Journey from Theory to Practice as a CNS Biomarker. Front. Genet. 2016, 7, 11. [Google Scholar] [CrossRef]

	



Szydlowska, K.; Bot, A.; Nizinska, K.; Olszewski, M.; Lukasiuk, K. Circulating MicroRNAs from Plasma as Preclinical Biomarkers of Epileptogenesis and Epilepsy. Sci. Rep. 2024, 14, 708. [Google Scholar] [CrossRef]

	



Brindley, E.; Heiland, M.; Mooney, C.; Diviney, M.; Mamad, O.; Hill, T.D.M.; Yan, Y.; Venø, M.T.; Reschke, C.R.; Batool, A.; et al. Brain Cell-Specific Origin of Circulating MicroRNA Biomarkers in Experimental Temporal Lobe Epilepsy. Front. Mol. Neurosci. 2023, 16, 1230942. [Google Scholar] [CrossRef]

	



Ioriatti, E.S.; Cirino, M.L.A.; Lizarte Neto, F.S.; Velasco, T.R.; Sakamoto, A.C.; Freitas-Lima, P.; Tirapelli, D.P.C.; Carlotti, C.G. Expression of Circulating MicroRNAs as Predictors of Diagnosis and Surgical Outcome in Patients with Mesial Temporal Lobe Epilepsy with Hippocampal Sclerosis. Epilepsy Res. 2020, 166, 106373. [Google Scholar] [CrossRef]

	



Liu, D.Z.; Tian, Y.; Ander, B.P.; Xu, H.; Stamova, B.S.; Zhan, X.; Turner, R.J.; Jickling, G.; Sharp, F.R. Brain and Blood MicroRNA Expression Profiling of Ischemic Stroke, Intracerebral Hemorrhage, and Kainate Seizures. J. Cereb. Blood Flow Metab. 2010, 30, 92–101. [Google Scholar] [CrossRef]

	



Spain, E.; Jimenez-Mateos, E.M.; Raoof, R.; ElNaggar, H.; Delanty, N.; Forster, R.J.; Henshall, D.C. Direct, Non-Amplified Detection of MicroRNA-134 in Plasma from Epilepsy Patients. RSC Adv. 2015, 5, 90071–90078. [Google Scholar] [CrossRef]

	



Wang, J.; Yu, J.T.; Tan, L.; Tian, Y.; Ma, J.; Tan, C.C.; Wang, H.F.; Liu, Y.; Tan, M.S.; Jiang, T.; et al. Genome-Wide Circulating MicroRNA Expression Profiling Indicates Biomarkers for Epilepsy. Sci. Rep. 2015, 5, 9522. [Google Scholar] [CrossRef]

	



Surges, R.; Kretschmann, A.; Abnaof, K.; van Rikxoort, M.; Ridder, K.; Fröhlich, H.; Danis, B.; Kaminski, R.M.; Foerch, P.; Elger, C.E.; et al. Changes in Serum MiRNAs Following Generalized Convulsive Seizures in Human Mesial Temporal Lobe Epilepsy. Biochem. Biophys. Res. Commun. 2016, 481, 13–18. [Google Scholar] [CrossRef]

	



Sun, Y.; Wang, X.; Wang, Z.; Zhang, Y.; Che, N.; Luo, X.; Tan, Z.; Sun, X.; Li, X.; Yang, K.; et al. Expression of MicroRNA-129-2-3p and MicroRNA-935 in Plasma and Brain Tissue of Human Refractory Epilepsy. Epilepsy Res. 2016, 127, 276–283. [Google Scholar] [CrossRef]

	



Li, Y.; Huang, C.; Feng, P.; Jiang, Y.; Wang, W.; Zhou, D.; Chen, L. Aberrant Expression of MiR-153 Is Associated with Overexpression of Hypoxia-Inducible Factor-1α in Refractory Epilepsy. Sci. Rep. 2016, 6, 32091. [Google Scholar] [CrossRef]

	



Sun, J.; Cheng, W.; Liu, L.; Tao, S.; Xia, Z.; Qi, L.; Huang, M. Identification of Serum MiRNAs Differentially Expressed in Human Epilepsy at Seizure Onset and Post-Seizure. Mol. Med. Rep. 2016, 14, 5318–5324. [Google Scholar] [CrossRef]

	



Avansini, S.H.; De Sousa Lima, B.P.; Secolin, R.; Santos, M.L.; Coan, A.C.; Vieira, A.S.; Torres, F.R.; Carvalho, B.S.; Alvim, M.K.M.; Morita, M.E.; et al. MicroRNA Hsa-MiR-134 Is a Circulating Biomarker for Mesial Temporal Lobe Epilepsy. PLoS ONE 2017, 12, e0173060. [Google Scholar] [CrossRef] [PubMed]

	



Raoof, R.; Jimenez-Mateos, E.M.; Bauer, S.; Tackenberg, B.; Rosenow, F.; Lang, J.; Onugoren, M.D.; Hamer, H.; Huchtemann, T.; Körtvélyessy, P.; et al. Cerebrospinal Fluid MicroRNAs Are Potential Biomarkers of Temporal Lobe Epilepsy and Status Epilepticus. Sci. Rep. 2017, 7, 3328. [Google Scholar] [CrossRef] [PubMed]

	



Yan, S.; Zhang, H.; Xie, W.; Meng, F.; Zhang, K.; Jiang, Y.; Zhang, X.; Zhang, J. Altered MicroRNA Profiles in Plasma Exosomes from Mesial Temporal Lobe Epilepsy with Hippocampal Sclerosis. Oncotarget 2017, 8, 4136–4146. [Google Scholar] [CrossRef]

	



De Matteis, M.; Cecchetto, G.; Munari, G.; Balsamo, L.; Paola Gardiman, M.; Giordano, R.; Viel, G.; Fassan, M. Circulating MiRNAs Expression Profiling in Drug-Resistant Epilepsy: Up-Regulation of MiR-301a-3p in a Case of Sudden Unexpected Death. Leg. Med. 2018, 33, 5. [Google Scholar] [CrossRef] [PubMed]

	



Duan, W.; Chen, Y.; Wang, X.R. MicroRNA-155 Contributes to the Occurrence of Epilepsy through the PI3K/Akt/MTOR Signaling Pathway. Int. J. Mol. Med. 2018, 42, 1577–1584. [Google Scholar] [CrossRef]

	



Gong, G.H.; An, F.M.; Wang, Y.; Bian, M.; Wang, D.; Wei, C.X. MiR-153 Regulates Expression of Hypoxia-Inducible Factor-1α in Refractory Epilepsy. Oncotarget 2018, 9, 8542–8547. [Google Scholar] [CrossRef]

	



Raoof, R.; Bauer, S.; El Naggar, H.; Connolly, N.M.C.; Brennan, G.P.; Brindley, E.; Hill, T.; McArdle, H.; Spain, E.; Forster, R.J.; et al. Dual-Center, Dual-Platform MicroRNA Profiling Identifies Potential Plasma Biomarkers of Adult Temporal Lobe Epilepsy. EBioMedicine 2018, 38, 127–141. [Google Scholar] [CrossRef]

	



Xiao, W.; Cao, Y.; Long, H.; Luo, Z.; Li, S.; Deng, N.; Wang, J.; Lu, X.; Wang, T.; Ning, S.; et al. Genome-Wide DNA Methylation Patterns Analysis of Noncoding RNAs in Temporal Lobe Epilepsy Patients. Mol. Neurobiol. 2018, 55, 793–803. [Google Scholar] [CrossRef]

	



Antônio, L.G.L.; Freitas-Lima, P.; Pereira-da-Silva, G.; Assirati, J.A.; Matias, C.M.; Cirino, M.L.A.; Tirapelli, L.F.; Velasco, T.R.; Sakamoto, A.C.; Carlotti, C.G.; et al. Expression of MicroRNAs MiR-145, MiR-181c, MiR-199a and MiR-1183 in the Blood and Hippocampus of Patients with Mesial Temporal Lobe Epilepsy. J. Mol. Neurosci. 2019, 69, 580–587. [Google Scholar] [CrossRef]

	



Shen, C.H.; Zhang, Y.X.; Zheng, Y.; Yang, F.; Hu, Y.; Xu, S.; Yan, S.Q.; Ding, Y.; Guo, Y.; Ding, M.P. Expression of Plasma MicroRNA-145-5p and Its Correlation with Clinical Features in Patients with Refractory Epilepsy. Epilepsy Res. 2019, 154, 21–25. [Google Scholar] [CrossRef]

	



Elnady, H.G.; Abdelmoneam, N.; Eissa, E.; Hamid, E.R.A.; Zeid, D.A.; Abo-Shanab, A.M.; Atta, H.; Kholoussi, N.M. MicroRNAs as Potential Biomarkers for Childhood Epilepsy. Open Access Maced. J. Med. Sci. 2019, 7, 3965. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Sang, Y.; Zhang, Y.; Zhang, D.; Chen, J.; Liu, X. Efficacy of Levetiracetam Combined with Sodium Valproate on Pediatric Epilepsy and Its Effect on Serum MiR-106b in Children. Exp. Ther. Med. 2019, 18, 4436–4442. [Google Scholar] [CrossRef]

	



Wang, L.; Song, L.; Chen, X.; Suo, J.; Ma, Y.; Shi, J.; Liu, K.; Chen, G. MicroRNA-139-5p Confers Sensitivity to Antiepileptic Drugs in Refractory Epilepsy by Inhibition of MRP1. CNS Neurosci. Ther. 2020, 26, 465–474. [Google Scholar] [CrossRef] [PubMed]

	



Brennan, G.P.; Bauer, S.; Engel, T.; Jimenez-Mateos, E.M.; Del Gallo, F.; Hill, T.D.M.; Connolly, N.M.C.; Costard, L.S.; Neubert, V.; Salvetti, B.; et al. Genome-Wide MicroRNA Profiling of Plasma from Three Different Animal Models Identifies Biomarkers of Temporal Lobe Epilepsy. Neurobiol. Dis. 2020, 144, 105048. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Pan, J.; Liu, W.; Li, Y.; Li, F.; Liu, M. MicroRNA-15a-5p Serves as a Potential Biomarker and Regulates the Viability and Apoptosis of Hippocampus Neuron in Children with Temporal Lobe Epilepsy. Diagn. Pathol. 2020, 15, 46. [Google Scholar] [CrossRef]

	



Niu, X.; Zhu, H.L.; Liu, Q.; Yan, J.F.; Li, M.L. MiR-194-5p Serves as a Potential Biomarker and Regulates the Proliferation and Apoptosis of Hippocampus Neuron in Children with Temporal Lobe Epilepsy. J. Chin. Med. Assoc. 2021, 84, 510–516. [Google Scholar] [CrossRef]

	



De Benedittis, S.; Fortunato, F.; Cava, C.; Gallivanone, F.; Iaccino, E.; Caligiuri, M.E.; Castiglioni, I.; Bertoli, G.; Manna, I.; Labate, A.; et al. Circulating MicroRNA: The Potential Novel Diagnostic Biomarkers to Predict Drug Resistance in Temporal Lobe Epilepsy, a Pilot Study. Int. J. Mol. Sci. 2021, 22, 702. [Google Scholar] [CrossRef]

	



Gattás, D.; Neto, F.S.L.; Freitas-Lima, P.; Bonfim-Silva, R.; Malaquias de Almeida, S.; de Assis Cirino, M.L.; Guimarães Tiezzi, D.; Tirapelli, L.F.; Velasco, T.R.; Sakamoto, A.C.; et al. MicroRNAs MiR-629-3p, MiR-1202 and MiR-1225-5p as Potential Diagnostic and Surgery Outcome Biomarkers for Mesial Temporal Lobe Epilepsy with Hippocampal Sclerosis. Neurochirurgie 2022, 68, 583–588. [Google Scholar] [CrossRef]

	



Guerra Leal, B.; Barros-Barbosa, A.; Ferreirinha, F.; Chaves, J.; Rangel, R.; Santos, A.; Carvalho, C.; Martins-Ferreira, R.; Samões, R.; Freitas, J.; et al. Mesial Temporal Lobe Epilepsy (MTLE) Drug-Refractoriness Is Associated With P2X7 Receptors Overexpression in the Human Hippocampus and Temporal Neocortex and May Be Predicted by Low Circulating Levels of MiR-22. Front. Cell. Neurosci. 2022, 16, 910662. [Google Scholar] [CrossRef]

	



Jimenez-Mateos, E.M.; Arribas-Blazquez, M.; Sanz-Rodriguez, A.; Concannon, C.; Olivos-Ore, L.A.; Reschke, C.R.; Mooney, C.M.; Mooney, C.; Lugara, E.; Morgan, J.; et al. MicroRNA Targeting of the P2X7 Purinoceptor Opposes a Contralateral Epileptogenic Focus in the Hippocampus. Sci. Rep. 2015, 5, 17486. [Google Scholar] [CrossRef]

	



Nomair, A.M.; Mekky, J.F.; El-hamshary, S.A.; Nomeir, H.M. Circulating MiR-146a-5p and MiR-132–3p as Potential Diagnostic Biomarkers in Epilepsy. Epilepsy Res. 2023, 191, 107089. [Google Scholar] [CrossRef]

	



Aronica, E.; Fluiter, K.; Iyer, A.; Zurolo, E.; Vreijling, J.; Van Vliet, E.A.; Baayen, J.C.; Gorter, J.A. Expression Pattern of MiR-146a, an Inflammation-Associated MicroRNA, in Experimental and Human Temporal Lobe Epilepsy. Eur. J. Neurosci. 2010, 31, 1100–1107. [Google Scholar] [CrossRef]

	



Ashhab, M.U.; Omran, A.; Kong, H.; Gan, N.; He, F.; Peng, J.; Yin, F. Expressions of Tumor Necrosis Factor Alpha and MicroRNA-155 in Immature Rat Model of Status Epilepticus and Children with Mesial Temporal Lobe Epilepsy. J. Mol. Neurosci. 2013, 51, 950–958. [Google Scholar] [CrossRef]

	



Peng, J.; Omran, A.; Ashhab, M.U.; Kong, H.; Gan, N.; He, F.; Yin, F. Expression Patterns of MiR-124, MiR-134, MiR-132, and MiR-21 in an Immature Rat Model and Children with Mesial Temporal Lobe Epilepsy. J. Mol. Neurosci. 2013, 50, 291–297. [Google Scholar] [CrossRef]

	



Harati, R.; Hammad, S.; Tlili, A.; Mahfood, M.; Mabondzo, A.; Hamoudi, R. MiR-27a-3p Regulates Expression of Intercellular Junctions at the Brain Endothelium and Controls the Endothelial Barrier Permeability. PLoS ONE 2022, 17, e0262152. [Google Scholar] [CrossRef]

	



Korotkov, A.; Mills, J.D.; Gorter, J.A.; Van Vliet, E.A.; Aronica, E. Systematic Review and Meta-Analysis of Differentially Expressed MiRNAs in Experimental and Human Temporal Lobe Epilepsy. Sci. Rep. 2017, 7, 11592. [Google Scholar] [CrossRef]

	



Lu, J.; Zhou, N.; Yang, P.; Deng, L.; Liu, G. MicroRNA-27a-3p Downregulation Inhibits Inflammatory Response and Hippocampal Neuronal Cell Apoptosis by Upregulating Mitogen-Activated Protein Kinase 4 (MAP2K4) Expression in Epilepsy: In Vivo and In Vitro Studies. Med. Sci. Monit. 2019, 25, 8499–8508. [Google Scholar] [CrossRef]

	



Su, Z.; Li, Y.; Chen, S.; Liu, X.; Zhao, K.; Peng, Y.; Zhou, L. Identification of Ion Channel-Related Genes and MiRNA-MRNA Networks in Mesial Temporal Lobe Epilepsy. Front. Genet. 2022, 13, 853529. [Google Scholar] [CrossRef]

	



Wang, Q.; Shi, X.; Li, P.P.; Gao, L.; Zhou, Y.; Li, L.; Ye, H.; Fu, X.; Li, P. MicroRNA Profilings Identify Plasma Biomarkers and Targets Associated with Pediatric Epilepsy Patients. Pediatr. Res. 2023, 95, 996–1008. [Google Scholar] [CrossRef] [PubMed]

	



Jimenez-Mateos, E.M.; Henshall, D.C. Epilepsy and MicroRNA. Neuroscience 2013, 238, 218–229. [Google Scholar] [CrossRef]

	



Jimenez-Mateos, E.M.; Engel, T.; Merino-Serrais, P.; Fernaud-Espinosa, I.; Rodriguez-Alvarez, N.; Reynolds, J.; Reschke, C.R.; Conroy, R.M.; McKiernan, R.C.; deFelipe, J.; et al. Antagomirs Targeting MicroRNA-134 Increase Hippocampal Pyramidal Neuron Spine Volume in Vivo and Protect against Pilocarpine-Induced Status Epilepticus. Brain Struct. Funct. 2015, 220, 2387–2399. [Google Scholar] [CrossRef]

	



Schratt, G.M.; Tuebing, F.; Nigh, E.A.; Kane, C.G.; Sabatini, M.E.; Kiebler, M.; Greenberg, M.E. A Brain-Specific MicroRNA Regulates Dendritic Spine Development. Nature 2006, 439, 283–289. [Google Scholar] [CrossRef]

	



Fiore, R.; Rajman, M.; Schwale, C.; Bicker, S.; Antoniou, A.; Bruehl, C.; Draguhn, A.; Schratt, G. MiR-134-Dependent Regulation of Pumilio-2 Is Necessary for Homeostatic Synaptic Depression. EMBO J. 2014, 33, 2231–2246. [Google Scholar] [CrossRef]

	



Song, Y.J.; Tian, X.B.; Zhang, S.; Zhang, Y.X.; Li, X.; Li, D.; Cheng, Y.; Zhang, J.N.; Kang, C.S.; Zhao, W. Temporal Lobe Epilepsy Induces Differential Expression of Hippocampal MiRNAs Including Let-7e and MiR-23a/B. Brain Res. 2011, 1387, 134–140. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Guo, M.; Meng, D.; Sun, F.; Guan, L.; Cui, Y.; Zhao, Y.; Wang, X.; Gu, X.; Sun, J.; et al. Silencing MicroRNA-134 Alleviates Hippocampal Damage and Occurrence of Spontaneous Seizures after Intraventricular Kainic Acid-Induced Status Epilepticus in Rats. Front. Cell. Neurosci. 2019, 13, 145. [Google Scholar] [CrossRef]

	



Reschke, C.R.; Silva, L.F.A.; Vangoor, V.R.; Rosso, M.; David, B.; Cavanagh, B.L.; Connolly, N.M.C.; Brennan, G.P.; Sanz-Rodriguez, A.; Mooney, C.; et al. Systemic Delivery of Antagomirs during Blood-Brain Barrier Disruption Is Disease-Modifying in Experimental Epilepsy. Mol. Ther. 2021, 29, 2041–2052. [Google Scholar] [CrossRef]

	



Morris, G.; Reschke, C.R.; Henshall, D.C. Targeting MicroRNA-134 for Seizure Control and Disease Modification in Epilepsy. EBioMedicine 2019, 45, 646–654. [Google Scholar] [CrossRef]

	



Wang, X.; Luo, Y.; Liu, S.; Tan, L.; Wang, S.; Man, R. MicroRNA-134 Plasma Levels before and after Treatment with Valproic Acid for Epilepsy Patients. Oncotarget 2017, 8, 72748–72754. [Google Scholar] [CrossRef]

	



Leontariti, M.; Avgeris, M.; Katsarou, M.S.; Drakoulis, N.; Siatouni, A.; Verentzioti, A.; Alexoudi, A.; Fytraki, A.; Patrikelis, P.; Vassilacopoulou, D.; et al. Circulating MiR-146a and MiR-134 in Predicting Drug-Resistant Epilepsy in Patients with Focal Impaired Awareness Seizures. Epilepsia 2020, 61, 959–970. [Google Scholar] [CrossRef]

	



Tal, T.L.; Franzosa, J.A.; Tilton, S.C.; Philbrick, K.A.; Iwaniec, U.T.; Turner, R.T.; Waters, K.M.; Tanguay, R.L. MicroRNAs Control Neurobehavioral Development and Function in Zebrafish. FASEB J. 2012, 26, 1452–1461. [Google Scholar] [CrossRef]

	



Liu, Y.; Yu, G.; Ding, Y.Y.; Zhang, Y.X. Expression of MiR-155 in Serum Exosomes in Children with Epilepsy and Its Diagnostic Value. Dis. Markers 2022, 2022, 7979500. [Google Scholar] [CrossRef]

	



Çarman, K