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Abstract


Background and Objectives: Neuron-specific enolase (NSE) is an isoenzyme of enolase, of which the γ isoform is expressed in nerve cells. The activity of NSE occurs during late neuronal differentiation, which determines the specificity of the enzyme for neurodevelopmental cells. The activity of NSE is also observed in processes associated with neuronal damage. The aim of this study was to present the state of the art related to the knowledge, advances, and possible developmental directions in terms of the use of NSE as a biomarker in the diagnosis of selected neurological and mental disorders (NDs, MDs), with particular emphasis on ischemic stroke (IS) and psychotic disorders (PSDs). Materials and Methods: A literature review was performed using the PubMed, Embase, and Scopus databases. Keywords such as “neuron-specific enolase”, “neuron-specific enolase in schizophrenia”, “neuron-specific enolase in ischemic stroke”, “neuron-specific enolase in psychiatric disorders”, and “neuron-specific enolase in neurological diseases” were used during the literature search. A total of 11,350 items were found. However, 188 papers were finally selected after applying the filters (“clinical trial”, “meta-analysis”, “randomized control trial”, and “systematic review”). Results: The literature was analyzed and 67 items relevant to the subject of this study were selected. This article points out the differences in NSE levels in different clinical groups, such as patients after an incident of hypoxic/ischemic encephalopathy (HIE), neuroinfection, or particular inflammatory processes in the nervous system region, as well as central nervous system (CNS) injury, selected MD, neurodegenerative disorders (NGDs), headaches, or epilepsy (EP). Conclusions: In the future, they may serve to support further work on the use of enolase as a potential biomarker of the described diseases.
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1. Introduction


Neuron-specific enolase (NSE) is an isoenzyme of enolase that plays a vital role in the glycolytic pathway, in which glucose is converted to pyruvate with the simultaneous production of adenosine triphosphate (ATP), nicotinamide adenine dinucleotide, and hydrogen (NADH) molecules. The aim of the process is to produce energy that is crucial for cellular metabolism. In vertebrates, three isoforms of enolase are identified: α-enolase (commonly found in cells), β-enolase (specific to muscle cells) and γ-enolase (typical of neurons). The expression of NSE occurs during late neuronal differentiation, which determines the specificity of the enzyme for neurodevelopmental [1], paraneuronal, and neuroendocrine cells [2]. In their study on the cellular distribution of enolase isoenzymes in the adult brain, one group found that NSE showed expression in neurons. However, it was not reported in glial cells [3,4]. Furthermore, NSE has applications in the diagnosis of neurodegenerative mechanisms and some neurological diseases. Abnormal levels of the enzyme indicate a disease and also show deviations in neurodevelopmental and neuroprotective processes [5].



NSE has also been used to quantitatively measure the extent of brain damage. It is primarily used for diagnostic and prognostic purposes in patients with intracerebral hemorrhage, coma after cardiopulmonary resuscitation (CPR) due to sudden cardiac arrest (SCA), or after a seizure episode [1]. Increased serum NSE levels may correlate with the occurrence of some cancers, including melanomas, seminomas, renal cell carcinomas, Merkel cell tumors, carcinoid tumors, germinomas, teratomas, pheochromocytomas, and neuroendocrine tumors (NETs) [6,7,8,9,10]. Currently, NSE is the most reliable biomarker for the diagnosis and treatment evaluation of small cell lung cancer (SCLC). The concentration of NSE directly correlates with tumor mass, the number and extent of metastases, or clinical response to treatment [11,12]. Studies have evaluated the usefulness of NSE as a biomarker in the diagnosis of conditions such as Guillain–Barré syndrome or Creutzfeldt–Jakob disease [13,14].



This paper presents the state of the art related to the use of NSE in the diagnosis of selected neurological and mental diseases (NDs, MDs), with particular emphasis on ischemic stroke (IS) and psychotic disorders (PSDs). Given the need for reliable clinical biomarkers in both NDs and MDs, the use of available knowledge on NSE, as well as the assessment of enzyme levels, while not solving the lack of clinical determinants, can be helpful for multimodal clinical assessment.



Despite advances and continuous development in imaging and laboratory diagnostics, there is still a lack of specific biomarkers that would enable earlier diagnosis of neurological and psychiatric diseases. Currently, diagnoses, especially of mental illnesses, are made primarily on the basis of clinical assessment, which carries the risk of diagnostic bias due to the subjectivity of the examiner. This often leads to delays in the initiation of adequate treatment. Biomarkers could contribute to increased diagnostic accuracy and, at the same time, earlier initiation of the required therapy, often giving a more favorable prognosis for the further development of the disease. The search for markers such as NSE, which reflects neuronal damage as well as neurodegenerative and neuroprotective processes, seems particularly promising.




2. Materials, Methods, and Results


Introduction: Data extraction was performed independently by two reviewers. Discrepancies were resolved through discussion, and no automation tools were used in the process. In addition to outcomes related to neuron-specific enolase (NSE) levels, we extracted information on study design, sample size, participant characteristics (e.g., age, sex, clinical diagnosis), country, and funding sources when available. Given the heterogeneity of included studies, no single quantitative effect measure was used.



Materials and Methods: Results were synthesized narratively, and summary statistics reported by the original studies (e.g., means, standard deviations, or p-values) were extracted when available. A narrative synthesis approach was adopted due to the diversity of study designs, populations, and outcome measures. Findings were organized thematically according to neurological and psychiatric conditions. No meta-analysis was conducted; therefore, no statistical heterogeneity, subgroup analyses, or sensitivity analyses were performed. A systematic literature review was performed using the PubMed, Embase, and Scopus databases. Formal tools to assess the risk of bias and the certainty of evidence (e.g., GRADE) were not applied, given the narrative scope of this review. This review was not registered in PROSPERO or any other database, and no prior review protocol was prepared. The keywords “neuron-specific enolase” OR “neuron-specific enolase in schizophrenia” OR “neuron-specific enolase in ischemic stroke” OR “neuron-specific enolase in psychiatric disorders” OR “neuron-specific enolase in neurological diseases” were used during the literature search (n = 11,350 results).



Results: Next, 1800 papers were rejected due to duplication in other databases. After applying filters (“clinical trial,” “meta-analysis,” “randomized control trial”, and “systematic review”), rejecting papers where only an abstract was available, or where the paper was an expert opinion or conference article, 188 publications were selected. In this study, the main goal was to analyze the dissimilarity in NSE in severe mental illnesses (such as schizophrenia or psychosis and bipolar affective disorder) as well as the most common neurological diseases (ischemic stroke, epilepsy, headaches, neurodegenerative or neuroinflammatory conditions); therefore, we primarily included publications that meet the above criteria. In total, 110 items were considered relevant in terms of the issues addressed, 25 of which were written in a language other than English, while 23 described the results of studies that had not been completed. In the end, 67 items were considered.



The detailed process of source selection is presented in the form of a graph—Figure 1.



Discussion: Reporting bias and publication bias were not formally assessed. The certainty of the evidence was not formally evaluated.



The authors declare that this review has been prepared in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines [15] (Supplementary Materials). The PRISMA checklist and flow diagram were applied to ensure the methodological transparency, accuracy, and reproducibility of the findings.The authors conducted a systematic literature search in PubMed, Embase, and Scopus databases from 1982 to 2025. The search combined the controlled terms “neuron-specific enolase” OR “neuron-specific enolase in schizophrenia” OR “neuron-specific enolase in ischemic stroke” OR “neuron-specific enolase in psychiatric disorders” OR “neuron-specific enolase in neurological diseases”, and free keywords related to “neuron-specific enolase”, “biomarker in mental disorders”, or “biomarker in neurological disorders.” Initially, no language restrictions were applied, but only studies published in English were included in the analysis.



Conclusions: Original scientific articles, randomized clinical trials, observational studies, and systematic reviews were included in this study. The exclusion criteria were as follows: works in the form of a conference abstracts without the full text, editorial articles, case reports, and works lacking relevant data on results. Two reviewers independently selected titles and abstracts, and then analyzed the full texts. Discrepancies between the various search processes and the qualification of works for this study were resolved by consensus.
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Figure 1. The source selection presented as the PRISMA flow diagram (Haddaway et al., 2022 [16]). * Consider, if feasible to do so, reporting the number of records identified from each database or register searched (rather than the total number across all databases/registers). ** If automation tools were used, indicate how many records were excluded by a human and how many were excluded by automation tools. 
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2.1. NSE Kinetics


The half-life of the enzyme is estimated to be about 30 h [17]. However, in individual body fluids, the dynamics vary. For cerebrospinal fluid (CSF), it is typically between 2 and 4 h. The short half-life in CSF is important in the context of monitoring pathological conditions such as brain damage, due to the possibility of predicting changes in the patient’s clinical picture. In blood serum, the half-life oscillates from about 18 to 24 h. Due to the longer presence of the enzyme in the blood, it gains the following applications: in the diagnosis of neuroendocrine tumors or further monitoring and clinical prognosis among patients after central nervous system (CNS) injury, SCA, and other kinds of HIE. In the case of urine, the half-life of NSE is not clearly defined, as the evaluation of concentration values has not yet been applied in clinical practice. The change in NSE concentration values depends on factors such as renal function and the patient’s overall clinical condition [1]. Currently, no studies have been published that can clearly determine the half-life directly in specific brain areas. Moreover, it should be noted that there are currently no standard limit values for NSE levels in individual body fluids (cerebrospinal fluid, blood serum, urine). This is most likely the reason for the numerous variations and discrepancies in the studies listed below.




2.2. Hypoxic/Ischemic Processes in the Central Nervous System


Hypoxia and cerebral ischemia are usually caused by (SCA) and stroke (S). According to the literature, serum NSE levels and calcium-binding protein (S100B) measured in urine are the biomarkers of greatest clinical relevance indicating hypoxic/ischemic encephalopathy (HIE) [18]. The pathomechanism of NSE release from the cell is related to the collapse of the cell membrane due to its damage [1]. Many studies have suggested that measurements of serum levels of NSE obtained from neonates who presented with HIE during the perinatal period may be helpful in assessing the prognosis of survival [19]. Some reports have demonstrated an association between NSE levels and the volume of the brain area involved in ischemic stroke (IS). However, due to the absence of clinical trials, this marker is not currently considered conclusive [20]. Some researchers reported on the possibility of predicting a good functional outcome at 12–14 days after the onset of acute IS if the severity of neurological symptoms was below a score of 15 (National Institutes of Health Stroke Scale; NIHSS) at onset and the NSE concentration in the cerebrospinal fluid (CSF) was <2 ng/mL in first 24 h [21].



There are ongoing studies on the use of NSE in assessing the severity of postoperative cognitive dysfunction (POCD). In one randomized controlled trial (RCT) available in the literature, patients undergoing pre-urethral resection of the prostate (TURP), covered during surgery by general anesthesia with propofol, were assessed for cognitive function before surgery and on the first, second, and ninth days after surgery. The results indicated higher levels of NSE in patients with POCD compared to a group of participants who did not have these disorders, as well as a control group [22].



NSE has also been used to predict neurological status in patients who presented with (SCA). Sandroni and D’Arrigo showed that 72 h after the return of spontaneous circulation (ROSC), somatosensory evoked potentials (SSEP), electroencephalography (EEG), brain imaging studies, and the measurement of serum NSE levels were crucial, alongside the clinical evaluation of the patient [23]. Currently, the level of NSE decreases after 24 h in patients with a good prognosis, while the NSE concentration increases in patients with an unfavorable prognosis. The highest levels are found between 48 and 96 h after ROSC [24,25].



A recent study has indicated an association between the prognostic value of NSE depending on age and the extent of CNS damage. Wihersaari et al. demonstrated that the greatest statistical significance and utility of NSE was observed in younger patients with the longest time to ROSC after SCA [26]. Nevertheless, the 2021 European Resuscitation Council (ERC) guidelines focused on an unfavorable prognosis in patients after SCA and considered a serum NSE level >60 ng/mL the cutoff point, and also indicated the need for multimodal prognostication [27]. An important aspect of using NSE to predict unfavorable long-term outcomes in patients after SCA is defining the number of determinations and when they should be performed. According to Wiberg et al., three measurements of NSE levels should be performed after ROSC, i.e., at 24, 48, and 72 h [28].



Similar studies were also conducted on a group of Wistar rats. Sixteen males were included in the experiment, half of which (the study group—HIE) underwent occlusion of the right common carotid artery, after which they were placed in a hypoxic chamber and subjected to reperfusion after 60 min. NSE concentrations were measured and the clinical condition of the rats was assessed for 24 h. The results of the preliminary neurological examination indicated the presence of hemiparesis in all individuals from the HIE group. In addition, NSE concentrations in this group were significantly higher than those in the control group [29].




2.3. Neuroinfections and Selected Inflammatory Processes


Both clinically silent and symptomatic Sars-CoV-2 viral infections are significant in terms of changes in NSE levels. A study conducted in patients from northeast Brazil showed elevated NSE levels in patients with severe and mild symptoms of COVID-19 infection. However, no correlation was observed between the presence or severity of neurological symptoms resulting from the Sars-CoV-2 virus and NSE levels. Furthermore, the follow-up study demonstrated a decrease in NSE levels over time (21 days after COVID-19 infection), which suggested only a mild level of neural injury [30].



NSE has proven to be a promising marker from the perspective of diagnosing acute bacterial cerebrospinal meningitis (ABM). Researchers attempted to determine the temporal profile of NSE, as well as looking for correlations between the course of the disease and prognosis of ABM, and the substance’s concentration values. Determinations of serum NSE levels were performed three times each day of the patient’s stay in the unit. The values obtained were significantly higher among patients with a diagnosis of ABM compared to the healthy population; moreover, an increase was observed within the first 3 days of patient admission. On day 5–6, the recorded levels of the enzyme did not exceed those observed at the beginning of hospitalization [31].



Septic encephalopathy (SE) ranks as the second most common manifestation of brain infection [32]. The potential role of NSE in determining the extent of neuronal damage in SE remains questionable, due to the dependence of enzyme levels on hemolysis, which also takes place during sepsis (which is why the authors suggest determining NSE only in non-hemolytic plasma or serum samples). Available analyses report that each twofold increase in concentration values from the level determined at admission was associated with a 7% increased risk of death within 30 days and a 5% increased risk of delirium [33]. Among newborns, NSE levels assessed in cord blood were statistically higher for patients with SE, and were moreover associated with a higher likelihood of impaired neural development over the next 6 months of life [34].



NSE levels were also assessed in patients with various forms of tick-borne encephalitis (TBE). The study findings indicated higher NSE levels in patients with TBE compared to those with meningitis. In addition, the levels of NSE were different between the clinical and control groups. Additionally, NSE concentrations increased after 14 days of treatment compared to the results from the samples collected before treatment [35]. The evaluation of NSE levels was also used in assessing nerve tissue damage in patients with post-herpetic neuralgia (PHN). Zhong et al. conducted a study on groups of patients with mild and severe PHN based on a 100-point Likert scale, which corresponded to the severity of the neuralgia. The NSE levels in patients with PHN were higher compared to healthy individuals. In addition, a positive correlation was found between the severity of neuralgia and NSE levels [36]. NSE concentrations were also assessed in patients with pulmonary tuberculosis (TB). In their retrospective analysis, Nam SJ et al. determined the predictive value of NSE based on a group of patients with focal segmental or extensive TB (based on chest X-ray) and a control group. NSE was determined before and after treatment. Significantly higher NSE levels were observed in the participants from the study group compared to healthy controls. An increase in NSE levels was observed in patients with extensive TB compared to focal segmental TB [37].




2.4. Traumatic Brain Injury


Traumatic brain injury (TBI) causes disability and is associated with the most widespread effects. It involves emotional and behavioral disorders and permanent physical impairment [38]. Depending on the severity of injury, TBI is divided into mild (a consequence of concussion, which leads to the disruption of the axonal structure without further consequences associated with the functioning of the axonal structure; and a 14–15 score on the Glasgow Coma Scale [GCS]); moderate (most often due to hemorrhagic brain contusion due to direct damage to neurons and impaired conduction of nerve impulses in the brain; 9–13 on the GCS); and severe (most often due to diffuse axonal damage related to the damage to axons in the region of the corpus callosum and brainstem; 3–8 on the GCS) [38,39].



Research is currently underway to find biomarkers that could be useful in predicting the extent of injury and the patient’s ultimate functional status. Previous reports have confirmed the usefulness of measuring several times and, at the same time, assessing the dynamics of NSE levels over elapsed time. An example of this is a work in which NSE determinations were made in patients who had suffered a TBI (taking into account the division into mild and severe injuries, depending on the GCS score obtained) at the time of admission to the hospital, after 6, 12, 24, and 48 h, and 2–7 days of hospitalization. In addition to statistically significant positive correlations between TBI severity and NSE concentration values, there was an upward trend in biomarker values in individual measurements with mild injuries, and an intense increase followed by a periodic decrease in NSE among patients with a history of severe TBI [40]. Other reports [41] evaluated the dynamics of enzyme changes (at 1, 2, 3, 4, and 5 days after injury) in patients after TBI by dividing them into groups, including participants who experienced hypoxia and patients with normal tissue oxygenation resulting from injury. Statistically significant differences were observed, indicating higher levels of NSE in those with hypoxemic injury, as well as a persistent downward trend in scores with time. Reports are also available showing an unexplained increase in NSE levels 3 days after brain injury [42,43,44]. According to some reports, a decrease in NSE concentrations was observed in TBI survivors within 48 of injury [45,46]. In turn, some clinical studies indicated a more rapid decrease in serum levels of NSE in post-TBI subjects compared to healthy individuals [46]. Data are conclusive as to the half-life of NSE, which is 48–72 h [40,45,46,47,48]. In an experiment aimed at determining a possible link between the severity of consciousness disorders in patients after severe brain injury and NSE, higher levels of this marker were found in the patients whose GCS score was 3, which corresponded to clinical brain death compared to those with a GCS score of 4–8 [49].



As regards the prevalence of head injuries, it seems important to also measure NSE in individuals who present with repetitive subconcussive head impacts (RSHIs). Studies in this respect have been mostly conducted on boxers, American football players, and soccer players [49]. Each of the studies showed an increase in NSE levels immediately after matches or boxing bouts. Furthermore, the levels were significantly higher compared to the laboratory norm (soccer games causing a 1.1–2-fold increase, American football a 1.9-fold increase, and boxing a 1.6–2.5-fold increase in NSE) [50].



In order to broaden the clinical perspective, the authors decided to also cite a study conducted on animal cells. As in the above studies, the aim was to assess changes in NSE concentration in blood serum after TBI in a group of Wistar rats. Therefore, a group of 65 males underwent TBI, and then after 1, 6, 12, 24, and 48 h, blood samples were taken from them and NSE levels were measured. Time-dependent changes in NSE concentration were demonstrated. The highest values were recorded 6 h after brain injury, and a correlation was suggested between the level of neuronal damage resulting from cerebral cortex contusion and an increase in NSE levels [51].




2.5. Mental Disorders


Mental disorders (MDs) are diagnosed based on the patient’s clinical observation. Currently, there are no proven biomarkers, imaging studies, or other predictive factors that could clearly confirm or exclude a disorder. Many studies have been conducted to search for an adequate determinant that could decrease human error often associated with misdiagnosis [52]. Of a large number of biomarkers under investigation, NSE could be identified as a substance that has recently been widely investigated.



In 2012, Streitbürger et al. performed imaging and histological and genetic analysis of the brains of subjects without clinical factors that could influence a change in NSE levels. Women showed a negative correlation between NSE expression and gray matter density in both the amygdala and most of the anterior hippocampus [53].



Many studies have focused on the correlations between NSE concentrations and the occurrence of psychotic disorders (PSDs). A pioneering post mortem study conducted before 1987, on a group of 9 patients diagnosed with schizophrenia (SZ) and 15 healthy volunteers (HC), indicated that NSE levels were 70% higher in the sensory cortex and 70% lower in the thalamus in patients with SZ compared to the controls. In addition, a 15–20% increase in NSE levels was also observed in the temporal cortex. However, a similar percentage decrease was reported in limbic system structures in patients from the study group [54].



Over the following years, various reports have indicated a significant difference in NSE levels between the group of patients with the first episode of schizophrenia (FES) (who presented with higher enolase levels) and the controls [55]. The extent of remission and the effectiveness of drug treatment also play a significant role. In their study, Liu et al. compared NSE concentrations in patients with untreated first-episode schizophrenia (uFES) and subjects with medicated chronic schizophrenia (CSZ) and the controls. Mean NSE concentrations were lower in the CSZ group compared to the uFES group and the HC [56].



Different findings were presented by Andreou et al. Their study involved adolescent and adult patients with SZ, bipolar spectrum disorder (BD), and healthy controls (HC). NSE levels were significantly lower in adults and adolescents from the study group compared to the HC. Furthermore, both subgroups showed a negative correlation between NSE levels and symptom severity. The results were significant after controlling for total gray matter volume. The authors postulated that the obtained data reflected abnormal neuronal maturation in patients with MD, which supports the thesis regarding the neurodevelopmental mechanism of severe MD [57]. Assessments of serum NSE can also be used in other aspects of research on SZ. In their study, Taler et al. analyzed the relationship between the permeability of the blood–brain barrier (BBB) and the occurrence of PSD in patients with a 22q11.2 mutation (which predisposes to psychiatric disorders) by measuring NSE levels (also measured were levels of S100B protein, elevated values of which, like NSE, indicate damage to neural tissue). They found an increase in BBB permeability in patients with the mutation and confirmed previous theses regarding a new neuronal pathway predisposing to psychosis with the 22q11.2 genetic defect [58].




2.6. Neurodegenerative Diseases


First, it is worth mentioning the described non-glycolytic function of NSE, which may play a role in the pathophysiology of neurological diseases, particularly neurodegenerative diseases. The C-terminal fragment of γ-enolase has been shown to have a neurotrophic effect, which promotes the survival of individual neurons and nerve processes by activating the PI3K/Akt and MAPK/ERK pathways (responsible for the indicated processes) [59]. The described processes have also been confirmed in more recent reports, on the basis of which conclusions have also been drawn regarding the involvement of NSE in neuroprotective and regenerative mechanisms in the CNS [60].



Research is conducted on the use of NSE levels in the diagnosis of neurodegenerative diseases (NGDs). In their study on NSE levels in Alzheimer’s Disease (AD), Schmidt et al. assessed the CSF from 32 patients diagnosed with AD and 32 controls. The mean NSE levels were statistically significantly higher in the study group compared to the results from the control group. Furthermore, in combination with Tau protein, whose presence is associated with the pathophysiology of AD, elevated NSE levels (above the upper limit of normal range = 15.80 ng/mL) were crucial in diagnosing AD [61]. Although the diagnosis of Parkinson’s disease (PD) is made on the basis of fulfilled clinical symptoms, additional evaluation of NSE concentration values seems reasonable. In their study on 58 patients with PD and 28 controls, Papuć and Rejdak determined the relationship between the presence of particular molecules in the CSF and the occurrence and severity of PD. The concentration of NSE in the CSF was significantly higher in the study group than in the controls. However, no correlation was found between NSE levels and the severity and duration of PD. NSE levels in CSF provided relatively high discrimination (AUC 0.775) between PD and healthy controls, with a sensitivity of 78.6% and specificity of 74.1% at a cutoff value of 51.56 ng/mL (p < 0.001) [62].



The meta-analyses that focused on the comparison of NSE concentrations in conditions such as AD, PD, Parkinson’s disease with dementia (PDD), dementia with Lewy bodies (DLB), or multiple system atrophy (MSA) showed no significant differences. However, the analysis of the subgroups (PDD and DLB) indicated increased NSE levels in the CSF. Therefore, this biomarker can be useful in assessing the severity of neurodegenerative processes in AD and PDD/DLB [42]. In another study, which aimed to compare NSE levels in patients with multiple sclerosis (MS), the relationship between clinical disability and the levels of NSE was assessed at the beginning and the end of the follow-up. However, no significant relationships were found [55].



Similar observations were made when comparing NSE levels in patients in an inactive primary progressive multiple sclerosis (PPMS) phase II clinical trial treated with hydroxychloroquine formulations at a dose of 200 milligrams twice daily for a period of 18 months. The study found no statistically significant differences [35].



Tsukahara et al. [63] evaluated NSE levels in the CSF in patients with amyotrophic lateral sclerosis (ALS) and cervical spondylotic myelopathy (CSM). Their study included 45 patients with ALS, 23 with CSM, 10 with PD, and 28 controls. The study group showed significantly higher NSE levels compared to the controls. In addition, an increase in NSE levels was observed in patients with ALS compared to those with CSM [36].




2.7. Headache


Given the many etiopathogenetic theories of migraine (MG), studies have been conducted on specific clinical parameters in patients with MG. Yilmaz found lower serum concentrations of NSE and higher S100B levels in patients with MG compared to the control group with no history of headache. Furthermore, a moderate positive linear correlation was reported between the molecules [37]. However, different results were presented by Gönen et al., who compared NSE levels in several groups (patients with episodic MG with aura, patients with episodic MG without aura, patients with chronic MG and healthy volunteers).



The results of the measurement of NSE levels in patients with MG were significantly higher compared to the healthy volunteers. Furthermore, the mean NSE concentrations of the participants diagnosed with chronic MG exceeded NSE levels in patients with episodic MG [64]. Nonetheless, it is important to keep in mind the small number of participants involved in each study, which most likely explains the discrepancy in the results obtained. No statistically significant differences were found in NSE levels in different subgroups based on randomized clinical trials conducted in patients with cluster headaches (bout, remission, and chronic cluster headache) [65].




2.8. Epilepsy


Epilepsy (EP) affects approximately 50 million people worldwide. Predicting the clinical course and adequately treating it are extremely costly, which is why numerous biomarkers have found their way into both the diagnosis and evaluation of the disease’s treatment efficacy [66]. NSE is one of the predictors described. Although the first reports indicating significant differences in the concentrations of substances in people with a diagnosis of epilepsy compared to the general population date back to the end of the last century, the topic has still not been thoroughly investigated.



Available meta-analyses indicate a significant increase in NSE levels in both cerebrospinal fluid and blood serum among a population of children with a diagnosis of EP compared to a HC. In addition, a positive correlation was found between NSE concentrations and the severity of the disease [67]. In one report, the authors detailed groups of patients with complex partial seizures and secondary generalized tonic–clonic seizures. They measured NSE levels at 1, 3, 6 and 24 h after the onset of an epileptic seizure. At individual measurements, a statistically significant difference was shown only between the first and last measurements. No significant differences were observed between the given clinical groups; moreover, 1 h after the onset of a seizure, only 33% of the participants had NSE concentration values above the upper limit of the laboratory norm [68]. Status epilepticus (SE) is defined as a prolonged epileptic seizure. Prompt recognition of SE allows for the initiation of treatment, consequently preventing the development of often severe neurological sequelae [69].



In the cited study, serum NSE levels were determined in SE patients and a control group. The results indicated significantly higher concentrations of the biomarker among those with SE [15]. Similar results were obtained in other reports [21], where serum NSE levels were compared between patients with convulsive status epilepticus (CSE) and a HC. Among the clinical group population, they reported statistically significantly higher values of the enzyme compared to participants in the HC. Increasingly, researchers are attempting to assess the use of pharmacotherapy using known biomarkers. An example of which is the work aimed at determining the therapeutic efficacy of sodium valproate in monotherapy and in combination with levetiracetam in a pediatric population using serum determinations of NSE levels, among others. On the basis of the differences in the values of NSE concentrations between the groups before and after the implementation of drug treatment (greater dynamics of changes in the values of NSE concentrations in the case of patients treated with two preparations), a conclusion was drawn as to the advantage of combination therapy with sodium valproate and levetiracetam compared to monotherapy [70,71].




2.9. Limitations


One of the goals of this publication was to compile and present the available knowledge on the role of neuro-specific enolase in the diagnosis, treatment, and prognosis of the course and sequelae of psychiatric and neurological diseases. For this reason, this publication includes articles labeled “clinical trial,” “meta-analysis,” “randomized control trial”, and “systematic review.” The result was the inclusion of a large number of different types of publications, which made the analysis much more difficult. Attention was paid mainly to hypoxic/ischemic processes, brain injury, and psychiatric disorders, while aspects such as neuroinfections, neurodegenerative diseases, epilepsy, and headache were presented in less detail. It should also be noted that the groups of participants—who were included in the mentioned studies—varied in size, and the researchers used different methodologies (e.g., different biological material and heterogeneous time intervals between measurements). Moreover, bearing in mind the kinetics of NSE and its bioavailability in the various body fluids in which the biomarker was measured, such different results in terms of NSE levels could be explained.





3. Conclusions


Recently, NSE has been analyzed extensively in terms of changes in serum levels in patients with brain damage in the form of HIE, IS, TBI, MD, and NGD. In the case of patients after neural tissue damage resulting from HIE, changes in NSE levels are already evident in the neonatal period among children with perinatal hypoxia. The authors of the work also note the relationship between the area of IS and the level of the biomarker. In addition, it has become possible to predict the functioning of post-stroke patients, taking into account the result of the NISHH sacculus and the level of NSE. The researchers also observed an association between POCD severity and higher NSE concentrations. The validity of assessing NSE levels has been shown in the prognosis of patients after SCA—a decrease in NSE levels at 24 h after the onset of ROSC, combined with the results of SSEP in EEG, indicates a successful prognosis.



Considering the variable levels of NSE in different MDs, attention is drawn to the increase in the biomarker’s concentrations in the sensory cortex and temporal cortex structures, and the decrease in the limbic system or thalamus among patients with SZ. Nevertheless, the available results of studies aimed at determining the relationship between NSE concentrations and the occurrence of SZ, BD, or the severity of symptoms remained heterogeneous. The reports presented on the increase in NSE levels support the role of the neurodevelopmental theory in the etiopathogenesis of SZ.



In inflammatory and infectious diseases (IDs), a correlation was observed between the increase in NSE levels and the presence of Sars-CoV-2 infection (both in symptomatic and asymptomatic manifestations), while no correlation was observed between the severity of infection symptoms and the values of enzyme concentrations. Determination of biomarker levels seems reasonable during ABM, where, in addition to the correlation between increased NSE concentration values and the presence of infection, higher levels of the substance were noted during the first three days of ID. Interpretation of enolase results from patients with SE has clinical relevance only if the material collected is from non-hemolytic plasma or serum samples. Among neonates, NSE levels are higher in patients with SE, and have been associated with a greater likelihood of impaired neural development. The available results indicate an association between increased NSE levels and the risk of disorder and death. Correlations between elevated enolase levels have also been observed in association with the occurrence of NSE, PHN, and TB.



Numerous papers have focused on the correlation of NSE levels with a history of TBI. In addition to statistically significant positive correlations between TBI severity and NSE concentrations, there is a characteristic initial increase and subsequent decrease in NSE, with the highest results in patients who are clinically brain-dead. An increase in biomarker concentration values was also noted in subjects exposed to repeated head trauma as a consequence of combat sports, American soccer, and soccer.



Of particular importance was the determination of NSE levels in NGDs such as AD and PD, where an increase in levels was observed in patients suffering from these conditions. Moreover, in the case of AD, in conjunction with Tau protein evaluation, an increase in NSE values above the reference value has become crucial in the diagnosis of the disease. An increase in biomarker levels has also been attributed to the presence of DLB and PDD. The results of available studies in the use of NSE in the diagnosis of MS, MG, or cluster headaches remain mixed.



In terms of EP, reports on enolase show promise. The results presented here show a significant increase in NSE levels in both CSF and serum in patients diagnosed with EP. In addition, a positive correlation was found between biomarker levels and disease severity. Similar correlations were noted among patients with SE. Based on the differences in the values of NSE concentrations between groups of patients with EP before and after the implementation of drug treatment, it became possible to draw conclusions about the advantage of combination therapy with sodium valproate and levetiracetam compared to monotherapy.



Nevertheless, in individual chapters on schizophrenia, epilepsy, and neurodegenerative diseases, the reports often present contradictory results. This was most likely due to the heterogeneity of the research methodology, the small number of participants (sometimes only a few) qualified to participate in the experiments, and differences in the selection of biological material from which the measurements for the compared studies were obtained.



Given the significant discrepancies between different studies and heterogeneous groups, further research is warranted on NSE as well as the determination of its usefulness as a biomarker in various neurological and psychiatric conditions. The use of NSE in MD seems particularly relevant. The small number of papers does not allow for a clear indication or exclusion of the clinical utility of the biomarker. Nevertheless, the study findings indicate important correlations from the perspective of planning future research and the development of clinical diagnosis. In order to expand the use of NSE, which currently remains a promising but experimental biomarker, it seems reasonable to standardize NSE measurements by selecting a specific type of body fluid in which the marker should be determined, as well as defining reference ranges for substance values or measurement techniques. The described procedure would solve the issue of methodological heterogeneity, and at the same time the often divergent results resulting from it. Moreover, it is necessary to conduct further longitudinal clinical studies on the basis of which the predictive value of the enzyme could be determined (Table 1).



Despite numerous reports on NSE, there are still gaps in research, which at the same time provide scope for future development of NSE as a potential biomarker.



These include a lack of standardization in measurement methods, heterogeneity in the study population, low clinical specificity of NSE, insufficient data on the specificity of the enzyme, and the current lack of randomized, double-blind controlled studies, or integration with modern imaging methods or artificial intelligence.



3.1. Study Strengths


NSE, as well as other biomarkers in a variety of neurological and psychiatric conditions, appears to be an important topic in terms of disease diagnostic development.



This paper provides a comprehensive review of a wide range of studies, integrating findings from many clinical contexts.



This paper can be used to plan future research and evaluate the development of NSE application in neurological and psychiatric diseases.




3.2. Weaknesses of the Study


Due to the considerable amount of available studies, this review is not able to cover all reports on the indicated topic, from where it was necessary to focus only on selected areas.



Due to the heterogeneity of the obtained material used to determine the concentration of NSE, and the often small size of the groups of participants included in this study (which is related to the continuous development of knowledge and research on enolase), it became impossible to unequivocally opine on usefulness in terms of determining NSE as a biomarker or predictive factor indicating the exact cutoff threshold of the concentration of the substance.




3.3. Further Research


Due to the lack of biomarkers for making a clinical diagnosis based on the results of laboratory, imaging, or functional tests, it is not uncommon for clinicians to face the problem of qualifying the symptoms presented by a patient in terms of meeting the criteria for a given psychiatric or neurological disease. Identifying individual substances would offset the risk of human error while increasing the accuracy of the diagnosis. In many cases, it would enable patients to receive earlier treatment, improving quality of life, and perhaps increase the effectiveness of the drugs used, while reducing drug resistance or the far-reaching effects of untreated disease.



Necessary further research on NSE should include a larger group of participants to resolve the often contradictory results presented. In addition, attention should be paid to the collection of the particular clinical material from which the results of the labeled enzyme are derived. The best solution would be to standardize the method of material collection (for example, the choice of blood serum) in the next experiments conducted, which would facilitate the method of obtaining a sample in almost every clinical group.



It also seems reasonable to define homogeneous reference values of NSE, which would provide an opportunity to compare the results of reports, and at the same time confront them, which would result in faster development of knowledge regarding the possibility of using NSE.



Further work should focus on determining the relationship between the severity of symptoms of individual diseases and the results of the NSE level, which would provide an opportunity to assess the severity of the disease. Moreover, clinical evaluation in terms of the improvements made from the use of individual drugs would prevent the long-term use of inappropriate preparations and their associated adverse effects.




3.4. Risk of Bias


This paper was written taking into account the various points of the PRISMA protocol. Databases such as PubMed, Embase, and Scopus were used, using the following keywords: “neuron-specific enolase” OR ‘neuron-specific enolase in schizophrenia’ OR ‘neuron-specific enolase in ischemic stroke’ OR ‘neuron-specific enolase in psychiatric disorders’ OR “neuron-specific enolase in neurological diseases.” We used filters such as “clinical trial,” ‘meta-analysis,’ ‘randomized control trial,’ and “systematic review.” The literature review was conducted by three authors, working independently of each other. Out of the 185 publications meeting the above criteria, 64 items were finally included in this paper, which were related to the objectives of this study, focusing on presenting the dissimilarity of NSE in severe mental illnesses (such as schizophrenia, psychosis, bipolar disorder, and affective disorders), as well as the most common neurological diseases (ischemic stroke, epilepsy, headaches, and neurodegenerative or neuroinflammatory conditions).









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/medicina61101831/s1.





Author Contributions


Conceptualization: A.S. and B.Ł.-R.; methodology, E.N. and A.S.; software, M.R.; validation, B.Ł.-R. and S.Ł.; formal analysis: A.B. and S.Ł.; investigation: A.S. and M.R.; resources, A.S. and. B.Ł.-R.; data curation: M.R.; writing—original draft preparation, A.S.; writing—review and editing, B.Ł.-R. and S.Ł.; visualization, E.N.; supervision, B.Ł.-R.; project administration, A.B.; funding acquisition, M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a grant from Opole University, Poland (Grant number: P-2023-016).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Isgrò, M.A.; Bottoni, P.; Scatena, R. Neuron-Specific Enolase as a Biomarker: Biochemical and Clinical Aspects. Adv. Exp. Med. Biol. 2015, 867, 125–143. [Google Scholar]

	



Yaman, Ö.; Baltaci, S.; Arikan, N.; Özdiler, E.; Göĝüş, O.; Müftüoĝlu, Y.Z. Serum neuron specific enolase: Can it be a tumour marker for renal cell carcinoma? Int. Urol. Nephrol. 1996, 28, 207–210. [Google Scholar] [CrossRef]

	



Royds, J.A.; Parsons, M.A.; Taylor, C.B.; Timperley, W.R. Enolase isoenzyme distribution in the human brain and its tumours. J. Pathol. 1982, 137, 37–49. [Google Scholar] [CrossRef]

	



Tosios, K.I.; Nikolakis, M.; Prigkos, A.C.; Diamanti, S.; Sklavounou, A. Nerve cell bodies and small ganglia in the connective tissue stroma of human submandibular glands. Neurosci. Lett. 2010, 475, 53–55. [Google Scholar] [CrossRef]

	



Horvat, S.; Kos, J.; Pišlar, A. Multifunctional roles of γ-enolase in the central nervous system: More than a neuronal marker. Cell Biosci. 2024, 14, 61. [Google Scholar] [CrossRef]

	



Capello, M.; Ferri-Borgogno, S.; Cappello, P.; Novelli, F. α-Enolase: A promising therapeutic and diagnostic tumor target. FEBS J. 2011, 278, 1064–1074. [Google Scholar] [CrossRef] [PubMed]

	



Dittadi, R.; Gion, M. Re: Biological variation of neuroendocrine tumor markers chromogranin A and neuron-specific enolase. Clin. Biochem. 2013, 46, 1145. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Z.; Xu, D.; Zhang, F.; Ying, Y.; Song, L. Pro-gastrin-releasing peptide and neuron-specific enolase: Useful predictors of response to chemotherapy and survival in patients with small cell lung cancer. Clin. Transl. Oncol. 2016, 18, 1019–1025. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.K.; Sun, Y.; Lv, L.; Ping, Y. ENO1 and cancer. Mol. Ther. Oncolytics 2022, 24, 288–298. [Google Scholar] [CrossRef]

	



Schofield, L.; Lincz, L.F.; Skelding, K.A. Unlikely role of glycolytic enzyme α-enolase in cancer metastasis and its potential as a prognostic biomarker. J. Cancer Metastasis Treat. 2020, 6, 10. [Google Scholar] [CrossRef]

	



Ahmed, M. Gastrointestinal neuroendocrine tumors in 2020. World J. Gastrointest. Oncol. 2020, 12, 791–807. [Google Scholar] [CrossRef]

	



Xu, C.M.; Luo, Y.L.; Li, S.; Li, Z.X.; Jiang, L.; Zhang, G.X.; Owusu, L.; Chen, H.L. Multifunctional neuron-specific enolase: Its role in lung diseases. Biosci. Rep. 2019, 39, BSR20192732. [Google Scholar] [CrossRef]

	



Cunningham, R.T.; Morrow, J.I.; Johnston, C.F.; Buchanan, K.D. Serum neurone-specific enolase concentrations in patients with neurological disorders. Clin. Chim. Acta 1994, 230, 117–124. [Google Scholar] [CrossRef]

	



Lindblom, J.; Mohan, C.; Parodis, I. Biomarkers in Neuropsychiatric Systemic Lupus Erythematosus. A Systematic Literature Review of the Last Decade. Brain Sci. 2022, 12, 192. [Google Scholar] [CrossRef] [PubMed]

	



Trinka, E.; Kälviäinen, R. 25 years of advances in the definition, classification and treatment of status epilepticus. Seizure 2017, 44, 65–73. [Google Scholar] [CrossRef] [PubMed]

	



Haddaway, N.R.; Page, M.J.; Pritchard, C.C.; McGuinness, L.A. PRISMA2020: An R package and Shiny app for producing PRISMA 2020-compliant flow diagrams, with interactivity for optimised digital transparency and Open Synthesis. Campbell Syst. Rev. 2022, 18, e1230. [Google Scholar] [CrossRef]

	



Hajduková, L.; Sobek, O.; Prchalová, D.; Bílková, Z.; Koudelková, M.; Lukášková, J.; Matuchová, I. Biomarkers of brain damage: S100B and NSE concentrations in cerebrospinal fluid—A normative study. BioMed Res. Int. 2015, 2015, 379071. [Google Scholar] [CrossRef]

	



Caramelo, I.; Coelho, M.; Rosado, M.; Cardoso, C.M.P.; Dinis, A.; Duarte, C.B.; Grãos, M.; Manadas, B. Biomarkers of hypoxic-ischemic encephalopathy: A systematic review. World J. Pediatr. 2023, 19, 505–548. [Google Scholar] [CrossRef]

	



Ramaswamy, V.; Horton, J.; Vandermeer, B.; Buscemi, N.; Miller, S.; Yager, J. Systematic review of biomarkers of brain injury in term neonatal encephalopathy. Pediatr. Neurol. 2009, 40, 215–226. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, O.; Wardlaw, J.; Whiteley, W.N. Correlation of levels of neuronal and glial markers with radiological measures of infarct volume in ischaemic stroke: A systematic review. Cerebrovasc. Dis. 2012, 33, 47–54. [Google Scholar] [CrossRef]

	



Huang, Y.; Wang, Z.; Huang, Z.X.; Liu, Z. Biomarkers and the outcomes of ischemic stroke. Front. Mol. Neurosci. 2023, 16, 1171101. [Google Scholar] [CrossRef]

	



Chi, Y.L.; Li, Z.S.; Lin, C.S.; Wang, Q.; Zhou, Y.K. Evaluation of the postoperative cognitive dysfunction in elderly patients with general anesthesia. Eur. Rev. Med. Pharmacol. Sci. 2017, 21, 1346–1354. [Google Scholar]

	



Sandroni, C.; D’Arrigo, S. Neurologic Prognostication: Neurologic Examination and Current Guidelines. Semin. Neurol. 2017, 37, 40–47. [Google Scholar] [CrossRef]

	



Streitberger, K.J.; Leithner, C.; Wattenberg, M. Neuron-specific enolase predicts poor outcome after cardiac arrest and targeted temperature management: A multicenter study on 1,053 patients. Crit. Care Med. 2017, 45, 1145–1151. [Google Scholar] [CrossRef]

	



Vondrakova, D.; Kruger, A.; Janotka, M. Association of neuron-specific enolase values with outcomes in cardiac arrest survivors is dependent on the time of sample collection. Crit. Care 2017, 21, 172. [Google Scholar] [CrossRef]

	



Wihersaari, L.; Tiainen, M.; Skrifvars, M.B. Usefulness of neuron specific enolase in prognostication after cardiac arrest: Impact of age and time to ROSC. Resuscitation 2019, 139, 214–221. [Google Scholar] [CrossRef]

	



Nolan, J.P.; Sandroni, C.; Böttiger, B.W.; Cariou, A.; Cronberg, T.; Friberg, H. European Resuscitation Council and European Society of Intensive Care Medicine Guidelines 2021: Post-resuscitation care. Resuscitation 2021, 161, 220–269. [Google Scholar] [CrossRef] [PubMed]

	



Wiberg, S.; Hassager, C.; Stammet, P.; Winther-Jensen, M.; Thomsen, J.H.; Erlinge, D. Single versus Serial Measurements of Neuron-Specific Enolase and Prediction of Poor Neurological Outcome in Persistently Unconscious Patients after Out-Of-Hospital Cardiac Arrest—A TTM-Trial Substudy. PLoS ONE 2017, 12, e0168894. [Google Scholar]

	



Gunawan, P.I.; Noviandi, R.; Samosir, S.M. Increased neuron specific enolase in a hypoxic ischemia rat model. Biomed. Res. Ther. 2022, 9, 5161–5165. [Google Scholar] [CrossRef]

	



Silva, R.C.; da Rosa, M.M.; Leão, H.I.; Silva, E.D.L.; Ferreira, N.T.; Albuquerque, A.P.B. Brain damage serum biomarkers induced by COVID-19 in patients from northeast Brazil. J. NeuroVirol. 2023, 29, 180–186. [Google Scholar] [CrossRef]

	



Grønhøj, M.; Sejbaek, T.; Hansen, R.; Larsen, L.; Dahl, M.; Schierbeck, J.; Poulsen, F. Serum levels of neurofilament light chain, neuron-specific enolase and S100 calcium-binding protein B during acute bacterial meningitis: A prospective cohort study. Infect. Dis. 2021, 53, 409–419. [Google Scholar] [CrossRef]

	



Tauber, S.; Djukic, M.; Gossner, J.; Eiffert, H.; Brück, W.; Nau, R. Sepsis-associated encephalopathy and septic encephalitis: An update. Expert Rev. Anti-Infect. Ther. 2021, 19, 215–231. [Google Scholar] [CrossRef]

	



Anderson, B.; Reilly, J.; Shashaty, M.; Palakshappa, J.; Wysoczanski, A.; Dunn, T. Admission plasma levels of the neuronal injury marker neuron-specific enolase are associated with mortality and delirium in sepsis. J. Crit. Care 2016, 36, 18–23. [Google Scholar] [CrossRef] [PubMed]

	



Shimy, M.; El-Raggal, N.; El-Farrash, R.; Shaaban, H.; Mohamed, H.; Barakat, N. Cerebral blood flow and serum neuron-specific enolase in early-onset neonatal sepsis. Pediatr. Res. 2018, 84, 261–266. [Google Scholar] [CrossRef]

	



Baeva, M.E.; Tottenham, I.; Koch, M.; Camara-Lemarroy, C. Biomarkers of disability worsening in inactive primary progressive multiple sclerosis. J. Neuroimmunol. 2024, 387, 578268. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, C.; Lin, D.; Liu, Y.; Wu, C. A retrospective study of the correlation between herpes zoster neuralgia and the serum neuron-specific enolase level in the largest dermatological hospital in Zhejiang province, China. Front. Immunol. 2022, 13, 972536. [Google Scholar] [CrossRef] [PubMed]

	



Yilmaz, S. Serum NO, S100B, NSE concentrations in migraine and their relationship. J. Clin. Neurosci. 2020, 82 Pt A, 32–35. [Google Scholar] [CrossRef]

	



Blennow, K.; Brody, D.L.; Kochanek, P.M.; Levin, H.; McKee, A.; Ribbers, G.M. Traumatic brain injuries. Nat. Rev. Dis. Primers 2016, 2, 16084. [Google Scholar] [CrossRef]

	



Nam, S.J.; Jeong, J.Y.; Jang, T.W.; Jung, M.H.; Chun, B.K.; Cha, H.J.; Oak, C.H. Neuron-specific enolase as a novel biomarker reflecting tuberculosis activity and treatment response. Korean J. Intern. 2016, 31, 694–702. [Google Scholar] [CrossRef]

	



Pellot, J.E.; De Jesus, O. Cerebral Contusion; StatPearls: Treasure Island, FL, USA, 2024. [Google Scholar]

	



Buonora, J.E.; Yarnell, A.M.; Lazarus, R.C.; Mousseau, M.; Latour, L.L.; Rizoli, S.B. Multivariate analysis of traumatic brain injury: Development of an assessment score. Front. Neurol. 2015, 6, 68. [Google Scholar] [CrossRef]

	



Honda, M.; Tsuruta, R.; Kaneko, T.; Kasaoka, S.; Yagi, T.; Todani, M. Serum glial fibrillary acidic protein is a highly specific biomarker for traumatic brain injury in humans compared with S-100B and neuron-specific enolase. J. Trauma Acute Care Surg. 2010, 69, 104–109. [Google Scholar] [CrossRef] [PubMed]

	



Katayama, T.; Sawada, J.; Takahashi, K.; Yahara, O.; Hasebe, N. Meta-analysis of cerebrospinal fluid neuron-specific enolase levels in Alzheimer’s disease, Parkinson’s disease, dementia with Lewy bodies, and multiple system atrophy. Alzheimers Res. Ther. 2021, 13, 163. [Google Scholar] [CrossRef]

	



Kim, B.J.; Kim, Y.J.; Ahn, S.H.; Kim, N.Y.; Kang, D.W.; Kim, J.S.; Kwon, S.U. The second elevation of neuron-specific enolase peak after ischemic stroke is associated with hemorrhagic transformation. J. Stroke Cerebrovasc. Dis. 2014, 23, 2437–2443. [Google Scholar] [CrossRef] [PubMed]

	



Yan, E.B.; Satgunaseelan, L.; Paul, E.; Bye, N.; Nguyen, P.; Agyapomaa, D. Post-traumatic hypoxia is associated with prolonged cerebral cytokine production, higher serum biomarker levels, and poor outcome in patients with severe traumatic brain injury. J. Neurotrauma 2014, 31, 618–629. [Google Scholar] [CrossRef]

	



Rodriguez-Rodriguez, A.; Egea-Guerrero, J.J.; Gordillo-Escobar, E.; Enamorado-Enamorado, J.; Hernandez-Garcia, C.; de Azúa-López, Z.R.; Vilches-Arenas, Á.; Guerrero, J.M.; Murillo-Cabezas, F. S100B and neuron-specific enolase as mortality predictors in patients with severe traumatic brain injury. Neurol. Res. 2016, 38, 130–137. [Google Scholar] [CrossRef] [PubMed]

	



Thelin, E.P.; Jeppsson, E.; Frostell, A.; Svensson, M.; Mondello, S.; Bellander, B.M. Utility of neuron-specific enolase in traumatic brain injury; relations to S100B levels, outcome, and extracranial injury severity. Crit. Care 2016, 20, 285. [Google Scholar] [CrossRef]

	



Li, Z.M.; Xiao, Y.L.; Zhu, J.X.; Geng, F.Y.; Guo, C.J.; Chong, Z.L. Recombinant human erythropoietin improves functional recovery in patients with severe traumatic brain injury: A randomized, double blind and controlled clinical trial. Clin. Neurol. Neurosurg. 2016, 150, 80–83. [Google Scholar] [CrossRef]

	



Thelin, E.P.; Zeiler, F.A.; Ercole, A.; Mondello, S.; Büki, A.; Bellander, B.M. Serial Sampling of Serum Protein Biomarkers for Monitoring Human Traumatic Brain Injury Dynamics: A Systematic Review. Front. Neurol. 2017, 8, 300. [Google Scholar] [CrossRef]

	



Olivecrona, M.; Rodling-Wahlström, M.; Naredi, S.; Koskinen, L.O. S-100B and neuron specific enolase are poor outcome predictors in severe traumatic brain injury treated by an intracranial pressure targeted therapy. J. Neurol. Neurosurg. Psychiatry 2009, 80, 1241–1247. [Google Scholar] [CrossRef]

	



Lember, L.M.; Ntikas, M.; Mondello, S.; Wilson, L.; Di Virgilio, T.G.; Hunter, A.M. The Use of Biofluid Markers to Evaluate the Consequences of Sport-Related Sub-concussive Head Impact Exposure: A Scoping Review. Sports Med. Open 2024, 10, 12. [Google Scholar] [CrossRef]

	



Woertgen, C.; Rothoerl, R.D.; Brawanski, A. Time profile of neuron specific enolase serum levels after experimental brain injury in rat. In Brain Edema XI, Proceedings of the 11th International Symposium, Newcastle-upon-Tyne, UK, 6–10 June 1999; Springer: Vienna, Austria, 2000; pp. 371–373. [Google Scholar]

	



Frigaux, A.; Evrard, R.; Lighezzolo-Alnot, J. L’ADI-R et l’ADOS face au diagnostic différentiel des troubles du spectre autistique: Intérêts, limites et ouvertures [ADI-R and ADOS and the differential diagnosis of autism spectrum disorders: Interests, limits and openings]. Encephale 2019, 45, 441–448. [Google Scholar] [CrossRef]

	



Streitbürger, D.P.; Arelin, K.; Kratzsch, J.; Thiery, J.; Steiner, J.; Villringer, A.; Mueller, K.; Schroeter, M.L. Validating serum S100B and neuron-specific enolase as biomarkers for the human brain—A combined serum, gene expression and MRI study. PLoS ONE 2012, 7, e43284. [Google Scholar] [CrossRef]

	



Burbaeva, G.S.; Zaĭko, S.D. Concentration of neuron- and non-neuron-specific enolase isoenzymes in different structures of the brains of mentally healthy subjects and schizophrenic patients. Zhurnal Nevropatol. Psikhiatrii Im. SS Korsakova 1987, 87, 104–109. [Google Scholar]

	



Li, S.; Wu, H.; Guo, H.; Zhao, Z. Neuron-specific Enolase and myelin basic protein in cerebrospinal fluid of patients with first episode schizophrenia. J. Huazhong Univ. Sci. Technol. Med. Sci. 2006, 26, 228–230. [Google Scholar]

	



Liu, Y.; Tang, Y.; Li, C.; Tao, H.; Yang, X.; Zhang, X.; Wang, X. Altered Expression of Glucocorticoid Receptor and Neuron-Specific Enolase mRNA in Peripheral Blood in First-Episode Schizophrenia and Chronic Schizophrenia. Front. Psychiatry 2020, 11, 760. [Google Scholar] [CrossRef] [PubMed]

	



Andreou, D.; Steen, N.E.; Jørgensen, K.N.; Smelror, R.E.; Wedervang-Resell, K.; Nerland, S. Lower circulating neuron-specific enolase concentrations in adults and adolescents with severe mental illness. Psychol. Med. 2023, 53, 1479–1488. [Google Scholar] [CrossRef]

	



Taler, M.; Mekori-Domachevsky, E.; Vergaelen, E.; Claes, S.; Serur, Y.; Dar, S.; Levy-Shraga, Y.; Weizman, A.; Swillen, A.; Gothelf, D. Blood brain barrier permeability increases with age in individuals with 22q11.2 deletion syndrome. World J. Biol. Psychiatry 2022, 23, 475–482. [Google Scholar] [CrossRef] [PubMed]

	



Hafner, A.; Obermajer, N.; Kos, J. γ-Enolase C-terminal peptide promotes cell survival and neurite outgrowth by activation of the PI3K/Akt and MAPK/ERK signalling pathways. Biochem. J. 2012, 443, 439–450. [Google Scholar] [CrossRef]

	



Haque, A.; Polcyn, R.; Matzelle, D.; Banik, N.L. New Insights into the Role of Neuron-Specific Enolase in Neuro-Inflammation, Neurodegeneration, and Neuroprotection. Brain Sci. 2018, 8, 33. [Google Scholar] [CrossRef]

	



Schmidt, F.M.; Mergl, R.; Stach, B.; Jahn, I.; Gertz, H.J.; Schönknecht, P. Elevated levels of cerebrospinal fluid neuron-specific enolase (NSE) in Alzheimer’s disease. Neurosci. Lett. 2014, 570, 81–85. [Google Scholar] [CrossRef]

	



Tsukahara, A.; Hosokawa, T.; Nishioka, D.; Kotani, T.; Ishida, S.; Takeuchi, T.; Kimura, F.; Arawaka, S. Neuron-specific enolase level is a useful biomarker for distinguishing amyotrophic lateral sclerosis from cervical spondylotic myelopathy. Sci. Rep. 2021, 11, 22827. [Google Scholar] [CrossRef]

	



Papuć, E.; Rejdak, K. Increased Cerebrospinal Fluid S100B and NSE Reflect Neuronal and Glial Damage in Parkinson’s Disease. Front. Aging Neurosci. 2020, 12, 156. [Google Scholar] [CrossRef]

	



Gönen, M.; Özdoğan, S.; Balgetir, F.; Demir, C.F.; Aytaç, E.; Müngen, B. S100B and neuron-specific enolase levels in episodic and chronic migraine. Acta Neurol. Scand. 2021, 143, 298–302. [Google Scholar] [CrossRef]

	



Snoer, A.H.; Vollesen, A.L.H.; Beske, R.P.; Guo, S.; Hoffmann, J.; Jørgensen, N.R.; Martinussen, T.; Ashina, M.; Jensen, R.H. S100B and NSE in Cluster Headache—Evidence for Glial Cell Activation? Headache 2020, 60, 1569–1580. [Google Scholar] [CrossRef]

	



Pitkänen, A.; Löscher, W.; Vezzani, A.; Becker, A.; Simonato, M.; Lukasiuk, K. Advances in the development of biomarkers for epilepsy. Lancet Neurol. 2016, 15, 843–856. [Google Scholar] [CrossRef]

	



Mu, R.Z.; Liu, S.; Liang, K.G.; Jiang, D.; Huang, Y.J. A Meta-Analysis of Neuron-Specific Enolase Levels in Cerebrospinal Fluid and Serum in Children With Epilepsy. Front. Mol. Neurosci. 2020, 13, 24. [Google Scholar] [CrossRef] [PubMed]

	



Tumani, H.; Otto, M.; Gefeller, O.; Wiltfang, J.; Herrendorf, G.; Mogge, S.; Steinhoff, B.J. Kinetics of serum neuron-specific enolase and prolactin in patients after single epileptic seizures. Epilepsia 1999, 40, 713–718. [Google Scholar] [CrossRef]

	



Hanin, A.; Denis, J.; Frazzini, V.; Cousyn, L.; Imbert-Bismut, F.; Rucheton, B.; Bonnefont-Rousselot, D.; Marois, C.; Lambrecq, V.; Demeret, S.; et al. Neuron Specific Enolase, S100-beta protein and progranulin as diagnostic biomarkers of status epilepticus. J. Neurol. 2022, 269, 3752–3760. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.; Jiang, Y.; Ma, L.; Zhou, X.; Wang, N. Comparison of the Therapeutic Effects of Sodium Valproate and Levetiracetam on Pediatric Epilepsy and the Effects of Nerve Growth Factor and γ-Aminobutyric Acid. Iran. J. Public Health 2021, 50, 520–530. [Google Scholar] [CrossRef] [PubMed]








 





Table 1. Changes in NSE concentration in specific diseases.
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	Disease
	NSE Change Template
	Clinical Remarks





	Ischemic stroke/Hypoxia
	↑ NSE in CSF within 24–72 h;

higher NSE concentrations correlate with larger infarct size; prognosis of poor outcome with persistent values >60 ng/mL after 72 h (according to ERC guidelines);
	Potential biomarker of damage and prognosis;

repeated measurements necessary (24/48/72 h);



	Postoperative cognitive disorder
	↑ NSE in patients with POCD after general anesthesia;
	Can be used to support early detection of postoperative complications;



	Neuroinfections (COVID-19, ABM, sepsis, TBE, PHN, tuberculosis)
	↑ NSE; ABM—the highest level in the first 3 days;

Sepsis—2-fold increase correlates with a higher risk of death;

TBE and PHN—correlates with severity
	Different dynamics depending on the type of infection;



	Traumatic brain injury
	↑ NSE proportional to severity (GCS); peak at GCS = 3 (brain death);

RSHI (boxing, football, soccer)—temporary increase after exercise;
	Monitoring dynamics (0–7 days) may be helpful in assessing prognosis;



	Schizophrenia/Psychotic disorders
	Ambiguous results:

↑ NSE in the first episode psychosis;

↓ in chronic schizophrenia;

correlations with symptom severity: changes in various areas of the brain (↑ in the sensory cortex/↓ decrease in the thalamus and limbic system)
	No consensus



	Alzheimer disease
	↑ NSE in CSF;

in combination with tau protein, an important diagnostic marker;
	Supports AD diagnosis, but less specific than tau/amyloid;



	Parkinson disease
	↑ NSE in CSF;

no correlation with the duration and severity of PD;

sensitivity 78.6%, specificity 74.1% at a cut-off of 51.56 ng/mL
	Moderate usefulness;



	Other neurodegenerative diseases (PDD, DLB, ALS, MS)
	↑ NSE in PDD/DLB and ALS; no differences in MS
	A biomarker of neuronal damage, but with varying values depending on the particular disease;



	Migrane
	Results are inconsistent in terms of upward or downward trends in NSE values (especially in chronic migraine); no differences in cluster headaches
	Insufficient clinical evidence



	Epilepsy/status epilepticus
	↑ NSE in CSF, correlation with disease severity; significantly higher in SE; transient increases after seizures
	Possibility of supporting diagnostics and monitoring therapy (e.g., more favorable dynamics of changes in treatment with valproate + levetiracetam)
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