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Abstract

:

Epigenetics is the study of heritable changes in gene expression that occur without alterations to the DNA sequence, linking the genome to its surroundings. The accumulation of epigenetic alterations over the lifespan may contribute to neurodegeneration. The aim of the present study was to identify epigenetic biomarkers for improving diagnostic efficacy in patients with neurodegenerative diseases. We analyzed global DNA methylation, chromatin remodeling/histone modifications, sirtuin (SIRT) expression and activity, and the expression of several important neurodegeneration-related genes. DNA methylation, SIRT expression and activity and neuregulin 1 (NRG1), microtubule-associated protein tau (MAPT) and brain-derived neurotrophic factor (BDNF) expression were reduced in buffy coat samples from patients with neurodegenerative disorders. Our data suggest that these epigenetic biomarkers may be useful in clinical practical for the diagnosis, surveillance, and prognosis of disease activity in patients with neurodegenerative diseases.
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1. Introduction


Neurodegenerative disorders (NDDs) are major health issues in Western countries and are typically associated with aging. Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the most common neurodegenerative disorders worldwide. AD is a progressive disorder that causes the irreversible loss of memory and cognitive function [1,2]. The main pathological features of AD are neuritic plaques and intracellular neurofibrillary tangles caused by the accumulation of amyloid-beta (Aβ) peptide and hyperphosphorylated microtubule-associated tau protein, respectively [3,4,5,6]. One of the most common causes of dementia in the elderly is vascular dementia (VaD), a syndrome caused by multi-focal vascular infarction and injury derived from cerebrovascular and cardiovascular disorders such as stroke and ischemic heart disease. Dementia affects 40–50 million people, with this number expected to rise to 145 million by 2050 [1]. PD, the second most common neurodegenerative disorder, affects 2% of the population over the age of 60 [7] and is multifactorial with genetic, environmental, cerebrovascular, and epigenetic components [4]. The motor dysfunction observed in clinical PD is due to the progressive loss of nigrostriatal dopaminergic neurons in the substantia nigra pars compacta and the formation and accumulation of Lewy bodies, as well as intracellular inclusions of α-synuclein [8].



Epigenetics is the study of reversible heritable changes in gene expression that occur without alterations to the DNA sequence, linking the genome and the environment [9,10,11]. The accumulation of various epigenetic alterations over the lifespan may contribute to neurodegenerative and cerebrovascular disorders [12,13,14]. DNA methylation, chromatin remodeling/histone modifications, and microRNA (miRNA) regulation are classic epigenetic mechanisms [9,11,14,15,16,17]. DNA methylation is a DNA methyltransferase (DNMT)-mediated reversible process in which methyl groups are added to cytosines in CpG nucleotides, converting them to 5-methylcytosines (5mC). This mechanism alters DNA stability and accessibility, regulating gene expression [18]. DNA methylation is usually a repressive mark [19], that attracts other silencing elements, such as methyl-CpG-binding proteins [20,21]. The addition of methyl groups is catalyzed by DNA methyltransferases (DNMTs) [22]. There are three DNMTs family proteins: DNMT1, DNMT2 and DNMT3 are all expressed in neurons [23] with different functions. DNMT1 maintains the methylation pattern after cell division and is responsible for the inheritance of methylation marks [24]. DNMT3a and DNMT3b are responsible for de novo methylation [25,26]. The ten-eleven translocations (TET) family of methyl cytosine dioxygenases (TET1, TET2, and TET3) oxidize and convert 5mC to 5-hydroxymethylcytosine (5hmC) [27].



Histone acetylation involves the transfer of an acetyl group to a lysine residue at the N-terminus of histones, decreasing positive charges within histones and weakening histone interactions with negatively charged DNA. This epigenetic modification promotes gene transcription by facilitating the binding of transcription factors and related enzymatic complexes to DNA [28]. Histone deacetylases, however, produce the opposite effect and inhibit gene expression [29]. Sirtuins (SIRTs) are nicotine adenine dinucleotide (NAD+)-dependent histone deacetylases (HDACs) that were first identified in yeast as transcriptional repressors; they are now known to occur in other species, including bacteria and eukaryotes [30]. In humans, the SIRT family comprises seven Class III histone deacetylases (SIRT1-SIRT7), each possessing different enzymatic activities, subcellular localizations, and physiological functions. All are involved in chromatin structure, cell cycle regulation, cell differentiation, cell stress response, metabolism, and aging [15,31]. SIRT1 is the most extensively studied among the mammalian SIRTs [29,32,33], and regulates neuronal differentiation, tumor progression, apoptosis, DNA stability, control gene expression, maintain chromosomal structure and control cell cycle progression [33]. SIRT1 is ubiquitously expressed in all tissues, including the brain [33]. This HDAC modulates neuronal differentiation, tumor and cell cycle progression, apoptosis, DNA stability, gene expression, and maintains chromosomal structure [20]; SIRT2 is involved in cell cycle regulation [15,20,32].



The identification of reliable biomarkers could aid early diagnosis of neurodegenerative diseases through the implementation of a personalized treatment program. There are currently no appropriate and reliable epigenetic biomarkers for the diagnosis, classification, or progression of NDDs [6]. Most current biomarkers rely on costly and/or invasive techniques such as neuroimaging or cerebrospinal fluid analysis [34]. A liquid biopsy presents a less expensive, but more comfortable, option. In recent years, several lines of research have focused on epigenetic biomarker-identification using more accessible fluids such as blood-derived samples; however, definitive epigenetic biomarkers for neurodegenerative and cerebrovascular diseases remain elusive. In the present study, we analyzed global DNA methylation, SIRT expression and activity, and expression levels of several genes with known important roles in NDDs, and identified novel epigenetic biomarkers for NDDs. These markers may be invaluable in clinical practice for the diagnosis and monitoring of neurodegenerative disease activity.




2. Results


2.1. Global DNA Methylation Is Reduced in Patients with Neurodegenerative Disorders


We previously showed that global DNA methylation (5mC) and global DNA hydroxymethylation (5hmC) levels are lower in buffy coat samples from patients with neurodegenerative disorders (AD and PD) and age-related cerebrovascular disease than in healthy patients [35]. Our aim in the present study was to examine whether global DNA methylation was modulated in buffy coat samples from a new, separate, patient cohort (n = 35) that further included individuals with Huntington’s disease and multiple sclerosis, in addition to those with AD, PD and PD-like disorders (Table 1). This study was inclusive and incorporated blood samples obtained from patients previously diagnosed with several types of neurodegenerative diseases (NDDs) and healthy (no-NDDs) subjects; NDD patients included those who exhibited dementia (NDD-D; AD and AD-like disorders such as vascular and mixed dementia), a range of parkinsonisms representing PD and PD-like disorders (NDD-PD), and other NDDs (NDD-O; Huntington’s disease, multiple sclerosis); the no-NDD group comprised 25 patients. Healthy individuals had 5mC levels of 3.58 ± 0.17%, but these values were significantly lower in patients with NDD (3.03 ± 0.19%; p < 0.05) (Figure 1A).



Next, we asked whether there were differences in 5mC levels between patients within the NDD group. Patients with dementia (n = 21) had 5mC levels of 2.87 ± 0.27%, which were lower than in subjects with parkinsonism (n = 7) (3.03 ± 0.34%) and in patients with other types of NDDs (n = 7) (3.48 ± 0.27%); however, differences among these groups were not statistically significant (Figure 1B).



To further analyze the low 5mC levels observed in NDD patients, we used simple linear regression to evaluate the correlation between 5mC levels and age (Figure S1A–C). We also analyzed the differences in 5mC levels between males and females (Figure S2A,B). There was no correlation between 5mC levels and age (Figure S1B), and neither were there differences between 5mC levels and gender (Figure S2B) within the NDD and healthy patient groups (Figures S1A and S2A); there was, furthermore, no correlation between 5mC levels and age in NDD + no-NDD patient samples (Figure S1C), and no differences between genders. Since the ε4 allele of the apolipoprotein E (APOE) gene is the main genetic risk factor for late-onset AD [36], we further examined a possible link between global DNA methylation levels and the APOE gene variants APOE 2.3, APOE 3.3, APOE 3.4, and APOE 4.4; there was no correlation between 5mC levels and any of these APOE isoforms (Figure S2C,D).



We previously showed that DNMT3a expression is downregulated in patients with various types of dementia, but not in patients with PD {35}. In the current study, we therefore decided to compare DNMT3a mRNA levels between patients in the NDD-D group only, and those subjects with no NDDs. DNMT3a expression in NDD patients with dementia decreased by 80% compared to healthy subjects (Figure 1C). We constructed receiver operating characteristic (ROC) curves to assess the value of reduced global DNA methylation (Figure 1D), SIRT activity and brain-derived neurotrophic factor (BDNF) expression in buffy coat samples as screening tests for NDDs. The area under the curve (AUC) for global 5mC levels was 0.66 (95% confidence interval (CI): 0.52–0.77, 40% specificity and 87.5% sensitivity, p = 0.0253).




2.2. SIRT Expression and Activity Are Reduced in Patients with Neurodegenerative Disorders


SIRTs are involved in various age-related signaling pathways, including responses to oxidative stress, mitochondrial dysfunction, protein aggregation, and inflammatory processes [37]. SIRT1 and SIRT2 may be protective against pathogenic processes in NDDs [38]. We therefore analyzed SIRT1 and SIRT2 expression in buffy coat samples from healthy subjects and patients with dementia (Table 1). SIRT1 mRNA levels were 75% lower in NDD-D patients than in individuals with no NDDs (p < 0.05) (Figure 2A); there were no significant differences in SIRT2 mRNA levels between these two groups (Figure 2B). To determine whether this reduction was specific to patients with dementia, we analyzed SIRT1 and SIRT2 expression in buffy coat samples from patients with parkinsonism. SIRT1 mRNA expression in NDD-PD patients decreased by 80% (p < 0.001) more than in patients without NDDs (Figure 2C). SIRT2 mRNA levels, however, were 20% lower than in the control group; this reduction was not statistically significant (Figure 2D). To discover whether these deacetylases were also altered in patients with NDD-D (Table 1), we then colorimeterically measured total SIRT enzyme activity in nuclear protein extracts from buffy coat samples. SIRT activity was completely absent in NDD-D patient samples compared to healthy subjects (p < 0.001) (Figure 2E). ROC curve analysis of SIRT activity as a potential biomarker of dementia revealed an AUC of 1.00 (95% CI 0.92–1.00, 100% specificity and 100% sensitivity, p < 0.0001) (Figure 2F). SIRT activity in NDD-PD patients was significantly lower than in subjects with no NDDs (p < 0.001) (Figure 2G). ROC curve data in NDD-PD patients showed an AUC for SIRT of 0.84 (95% CI 0.68–0.94, 81.25% specificity and 85% sensitivity, p < 0.0001) (Figure 2H).




2.3. Neurodegeneration-Related Gene Expression Is Altered in Neurodegenerative Disorders


Several genes have been linked to neurodegenerative disease pathogenesis [39,40,41,42,43]. We therefore next examined the expression of neurodegenerative-related genes in buffy coat samples in our patient cohorts (n = 9 healthy subjects; n = 6 NDD-D patients; n = 9 NDD-PD patients) (Table 1). Compared to healthy individuals, transcript levels of the pleiotrophic growth factor neuregulin 1 (NRG1) decreased by 50% in the NDD-D group (p < 0.05) (Figure 3A), and by 80% in NDD-PD patients (p < 0.01) (Figure 3B). Furthermore, mRNA expression of microtubule-associated protein tau (MAPT), associated with increased risk for AD and PD [44,45], was reduced by 65% in NDD-D patients (p < 0.001) (Figure 3C) but was five-fold higher in NDD-PD individuals (Figure 3D) than in subjects with no NDDs. BDNF is important in neuronal maintenance, survival, synaptic plasticity and the regulation of neurotransmission [46,47]. Our data showed a complete loss of BDNF expression in samples from the NDD-D group (p < 0.001) (Figure 3E) compared to healthy control subjects. ROC curve analysis of BDNF expression as a putative biomarker of dementia showed an AUC of 0.95 (95% CI 0.78–0.99, 100% specificity and 100% sensitivity, p < 0.0001) (Figure 3F). This reduction was profound, prompting us to examine BDNF expression in buffy coat samples from patients with parkinsonism (n = 5; Table 1). BDNF mRNA levels were 40-fold lower in NDD-PD patients (p < 0.001) (Figure 3G) than in healthy patients. ROC curve data analysis of BDNF expression from NDD-PD patients showed an AUC of 0.86 (95% CI 0.62–0.97, 100% specificity and 60% sensitivity, p < 0.0001) (Figure 3H).





3. Discussion


NDDs are multifactorial, complex, diseases in which genetic factors do not fully explain disease onset and progression. There is mounting evidence that environmental factors and epigenetics contribute to NDD pathogenesis. Environmental effects on gene expression, however, are mediated at least in part by various epigenetic mechanisms. DNA methylation is now recognized as a reliable biomarker in several diseases, including cancer, neurological disorders, and autoimmune disorders [48,49]. We previously showed that global DNA methylation is reduced in neurodegenerative and cerebrovascular diseases [35]. In the current study, we examined whether those findings could be replicated in a different, larger cohort of healthy and NDD subjects, that further included patients with other NDDs such as Huntington’s disease and multiple sclerosis.



The most common forms of senile dementia observed in the elderly are AD, VaD, and mixed dementia; together, they represent a continuum of pathologies with considerable overlap in terms of prevalence with age, symptomatology, etiology, risk factors, and comorbidity [50]. In this study, the NDD-D group, therefore, included patients with AD, VaD, and mixed dementia. In our previous study, we found no correlation between 5mC levels and psychometric parameters (Mini-Mental State Examination, MMSE) in healthy subjects nor in any patients in the NDD (PD, AD, and VaD) group; the only significant positive correlation was between age and 5mC levels in patients with PD (p = 0.0385) [35]. We did not collect Unified Parkinson’s Disease Rating Scale (UPDRS) data scores from patients in the present study. We did, however, use the MMSE for screening all patients for cognitive impairment. We found no correlation between 5mC, SIRT activity and BDNF mRNA levels versus MMSE values in healthy subjects nor in patients in the NDD group (data not shown). Consistent with our previous data, however [35], global 5mC levels decreased substantially more in the NDD group than in the non-NDD group; this reduction in global 5mC levels was also observed in other NDDs such as Huntington’s disease and multiple sclerosis. Among the different NDDs, 5mC levels were slightly lower in NDD-D patients than in the NDD-PD and NDD-O groups, but these differences were not statistically significant.



We previously detected a slightly significant (p = 0.0385) correlation between DNA methylation and age in patients with PD, but not in subjects with AD or VaD [35]. In the current study, however, there was no correlation between age and DNA methylation in healthy and patients with NDDs. Global DNA methylation changes with age, and lower 5mC levels are found in brain and blood samples from animal models and patients with NDDs [51,52,53,54,55,56,57,58,59,60]. In our previous study, the NDD (AD, PD, VaD) cohort included 101 patients; in terms of the age-range, 100% of NDD patients were older than 60 years old, with a positive correlation between age and 5mC levels found in PD patients only [35]. In the current study, the lower number of patients with NDDs (n = 35) and an age-range where 80% of NDD patients were older than 60 years old, led to no correlation between 5mC levels and age. In our study, since the majority of samples were obtained from individuals older than 60 years, patient age could therefore explain the disparity between our findings and those from other authors [54,55]. The expression of DNMTs also decreases with age [61]; DNMT1, DNMT3a, and DNMT3a2 levels are reduced in the frontal cortex and hippocampus in older human and mouse brains [62]. DNMTs are closely linked to memory and cognitive functions [63] and DNMT activity is required for the formation of associative memory and induction of long-term potentiation [64,65]. The loss of DNMT activity during certain periods of development significantly impacts cognitive function [66], suggesting that DNA methylation is important in regulating age-associated cognition. In the AD post mortem brain, DNMT1 expression and global 5mC and 5hmC levels are reduced within neurons in the entorhinal cortex layer II and hippocampus [57,58,62]. DNMT3a expression was furthermore reduced in buffy coat samples from patients with dementia [35,62]. In the present study, we confirmed that DNMT3a expression was lower in the NDD-D group than in healthy patients. Several studies, however, did not find significant differences between healthy and AD brain samples [60,62,67], or increased global DNA methylation levels in different regions of the brain in patients with AD [60]. These differences may be due to the analyses of different brain regions (e.g., whole brain, hippocampus, entorhinal cortex) in separate studies, or to the heterogeneity of pathological diagnoses in analyzed samples, since phenotypic heterogeneity in AD may influence DNA methylation levels. Those authors conducted experiments on serum samples but also on leukocyte samples; this sampling heterogeneity may further explain the variability in their data. The number of samples, in several cases, did not yield conclusive data [60,62,67]. Depending on the brain region, 5mC and 5hmC expression differ; both epigenetic marks are lower in astrocytes from patients with AD than healthy subjects [67,68]. In the brain of late-onset AD patients with Braak stage IV-VI pathology, obtained post mortem, there are no differences in 5mC or 5hmC levels in AD-resistant calretinin interneurons or microglia, nor any differences near β-amyloid plaque regions of interest, nor in plaque-free zones [67,68]. There were, however, high 5mC and 5hmC levels in neurofibrillary tangles.



DNA methylation-based age predictors are referred to as “epigenetic clocks” [69], with compelling evidence linking epigenetic age acceleration to common diseases [54]. In the present study, we did not find any correlation between 5mC levels and age in buffy coat samples from patients with NDDs, nor in subjects with no NDDs; the patient median age was 53 years, ranging from 20 to 86 years old. There was also no correlation between gender or APOE genotype and 5mC expression. However, global methylation levels increase in AD patients harboring the APOE4 genotype [27,52]. The same authors report higher 5mC levels in whole blood from AD subjects, and a correlation between global methylation levels and psychometric parameters [27,52]. In those studies, global methylation was measured with a chemiluminescence substrate in whole blood samples, which contain different cell types with different methylation profiles [70]. In our study, however, we used an ELISA-like colorimetric assay to measure 5mC levels in buffy coat samples; this, along with the method of methylation quantification, could explain the disparities between the two studies.



Chromatin remodeling and histone post-translational modifications play important roles in NDDs. HDACs participate in transcriptional repression, leading to the generation of a compact chromatin structure. SIRT expression changes with aging and age-related NDDs [4,71,72]. Here, SIRTs promote lifespan and healthy aging by delaying the onset of neurodegenerative processes, and are new targets for treating neurodegenerative disorders [30,32,33,36]. Modulation of SIRT1 levels and/or activity is beneficial in various models of AD [36]; SIRT1 protects against β-amyloid plaque formation and ameliorates learning and memory deficits in animal models of AD [72]. SIRT1 deacetylates and reduces the levels of pathogenic p-tau proteins; SIRT1 silencing increases tau levels [36]. SIRT1 also regulates key PD-linked processes such as autophagy, apoptosis, mitochondrial dysfunction, oxidative stress and neuroinflammation [29]. Furthermore, SIRT1 overexpression blocks α-synuclein aggregation in in vivo and in vitro models of PD [73]. These findings are consistent with our present data, which show reduced SIRT1 expression in NDD-D and NDD-PD patients. SIRT2 is a highly conserved lysine deacetylase involved in aging, energy production and lifespan extension. SIRT2 levels increase with age and SIRT2 mediates processes involved in PD pathogenesis, including α-synuclein aggregation, microtubule dysfunction, oxidative stress, inflammation and autophagy [74]. High levels of SIRT2 are found in AD, PD and other neurodegenerative disorders, suggesting that it may therefore promote neurodegeneration [15]. SIRT2 may cause dopaminergic neuronal death [74]; in in vitro and in vivo models of PD, pharmacologic or genetic inhibition of SIRT2 protects against α-synuclein toxicity [36,75]. SIRT2 variants influence biochemical, hematological, metabolic and cardiovascular phenotypes, and modestly affect pharmacoepigenetic outcome in AD [15]. However, SIRT2 may also be protective against neuronal injury [74]. In our study, we observed a small, non-significant reduction in SIRT2 mRNA in samples from the NDD-D group; SIRT2 expression in patients from the NDD-PD group were unchanged. The present data suggest that SIRT1 expression is a better biomarker than SIRT2 for diagnosing patients with NDDs. Measurements of SIRT activity, however, consider global SIRT activity rather than just SIRT1 and SIRT2. Since reductions in SIRT activity were much higher than changes in SIRT1 expression, we cannot exclude the possibility that the expression of other SIRTs are also reduced in NDDs. To this, SIRT3 is implicated in the pathogenesis of AD, PD, amyotrophic lateral sclerosis, and Huntington’s disease [76]. SIRT3 mRNA and protein levels are reduced in the cerebral cortex of patients with AD and in the cortex of APP/PS1 double transgenic mice [76]. SIRT3-5 are active in mitochondria. In our study, we analyzed SIRT activity in nuclear protein extracts from buffy coat samples; given that SIRT3 is active in mitochondria, it may not be responsible for the decrease in SIRT activity. Furthermore, SIRT6 contributes to telomere maintenance, DNA repair, genome integrity, energy metabolism and inflammation, promotes longevity [77,78], regulates tau stability and phosphorylation [79], and is absent in patients with AD [78]. SIRT7, the least characterized SIRT, may be functionally significant in neural pathways and diseases [77]. Therefore, we cannot rule out the possibility that SIRT6 or SIRT7 may also be regulated in patients from the NDD-D and NDD-PD groups.



NRG1 signaling influences cognitive function and neuropathology in AD [80]. NRG1 attenuates deficits in spatial memory in AD transgenic mice in the Morris water-maze task and ameliorates neuropathology [80,81]. Concordantly, our data showed reduced NRG1 mRNA levels in buffy coat samples obtained from patients diagnosed with various types of dementia. NRG1 further protects the mouse cerebellum against lipopolysaccharide-induced oxidative stress and neuroinflammation [43]. In samples from NDD-PD patients, our study showed that NRG1 expression decreased, similar to published data [42]; NRG1 is neuroprotective against 6-hydroxydopamine-induced toxicity in vivo [82]. MAPT expression is low in brain samples of patients with AD [43,44] and increases in PD [45]. Our data showed reduced MAPT expression in buffy coat samples of NDD-D patients.



Changes in the levels and activity of neurotrophic factors such as BDNF occur in several types of NDDs, including AD and PD [46,83,84,85,86,87,88]. BDNF levels are reduced in serum and brain samples from mouse models of tauopathy [83,84,85]. Intracerebroventricular administration of an adeno-associated virus carrying the gene encoding BDNF into mice produces stable BDNF expression, restores BDNF levels, prevents neuronal loss, alleviates synaptic degeneration, and attenuates behavioral deficits [89]. However, BDNF expression does not affect tau phosphorylation [84]. Reduced BDNF mRNA levels are found in the hippocampus and frontal cortex of patients with AD [84,85], suggesting that BDNF depletion or deficiency may contribute to the cognitive deficits in these patients. Low BDNF expression is also found in the plasma of patients with mild cognitive impairment (MCI) and AD [85,89]; the serum from patients with AD show significantly lower BDNF levels than those with MCI, confirming a connection between BDNF and AD; however, detection of BDNF is only possible in late stages of the disease [86]. Other types of dementia (frontotemporal, Lewy Body, or vascular) are associated with low BDNF levels, both in the systemic circulation and the central nervous system [83,84,85]. In our study, BDNF expression was almost non-existent in buffy coat samples obtained from patients suffering from various types of dementia, including AD and VaD.



Among individuals with PD, several pre-clinical and clinical studies report alterations in BDNF expression, implicating this neurotrophin in PD pathogenesis [87,89,90]. BDNF is crucial for dopaminergic neuron viability and maturation [82,87]. BDNF deficiency in the substantia nigra pars compacta is associated with the loss of dopamine-containing neurons, and patients with PD exhibit lower BDNF mRNA levels in the substantia nigra pars compacta than in healthy controls [83,89]. Neurons with low BDNF levels may be highly vulnerable to injury [88]. Inhibition of local BDNF production with an antisense oligonucleotide causes a significant loss of dopaminergic neurons in the rat substantia nigra pars compacta, showing that BDNF is important in neuronal survival [89,90]. In the present study, BDNF expression was dramatically reduced in buffy coat samples obtained from patients with PD. While pharmacologic treatment with levodopa increases BDNF expression [91], non-pharmacologic interventions such as cognitive rehabilitation speech therapy and physiotherapy may also positively affect BDNF levels [92].



With respect to existing diagnostic tools/algorithms for neurodegenerative diseases, while pathological analysis is regarded the gold standard in a wide range of disorders, it cannot be used to diagnose NDDs prior to the patient’s death. Other methods, such as positron emission tomography (PET) scanning or novel biomarkers (genomics and proteomics), may provide solutions and are being included into revised and improved diagnostic criteria [93]. The International Group of Alzheimer´s Precision Medicine Initiative, for example, was formed to assess the current state of the art for blood-based AD biomarkers. To date, 19 blood-based biomarkers have been chosen for further study towards the diagnosis of Alzheimer’s disease [93]. Recently, Huang Y et al. created Epigenome-Wide Association Studies (EWAS) plus, a computational technique that employs a supervised machine learning strategy, to expand the coverage of multiple EWASs to the entire genome rather than only about 2% of all CpG sites in the genome [94].



Blood DNA analysis is a non-invasive and inexpensive method for liquid biopsies, with diagnostic potential. Finding new non-invasive biomarkers for NDD diagnosis would be beneficial in treating these patients. Methylation levels in brain and blood samples from patients with PD are concordant [53]. In our current study, the area under the ROC curve (AUC) from the global DNA methylation assay in buffy coat samples from patients with NDDs was 0.66, ranking as “sufficient” [95]; the Youden index was 0.28 (40% specificity and 87.5% sensitivity). As higher AUC values correlate to better biomarker diagnostic strength, our data revealed that SIRT activity and BDNF expression are more reliable biomarkers; both had AUC values > 0.8, with a higher Youden index J. For patients with NDD-D, we calculated AUC values of 1.00 for SIRT activity (Youden index 1.00; 100% specificity, 100% sensitivity) and 0.95 for BDNF expression (Youden index 1.00; 100% specificity, 100% sensitivity). For patients with NDD-PD, we calculated AUC values of 0.84 for SIRT activity (Youden index 0.66; 81.25% specificity, 85% sensitivity) and 0.95 for BDNF expression (Youden index 0.66; 100% specificity and 60% sensitivity). Together, these findings show that global DNA methylation represents the biomarker with less diagnostic power than SIRT activity and BDNF expression for diagnosing and monitoring disease activity and treatment intervention in patients with dementia than in individuals with PD. Nonetheless, since DNA methylation levels, SIRT activity and BDNF expression all significantly decline in patients with dementia or PD, analyzing these three epibiomarkers may be useful in the diagnosis of NDDs. We propose combining the three markers to increase the efficacy of NDD diagnosis. Epigenetic modifications are reversible, and measuring DNA methylation levels, SIRT activity and BDNF expression may help clinicians monitor patient treatment responses.




4. Materials and Methods


4.1. Patients and Selection Criteria


Blood samples from patients with and without NDDs were obtained from the CIBE collection (C000925, 21 October 2013, EuroEspes Biomedical Research Center) after informed consent from all patients and/or legal caregivers. This collection follows standard ethical procedures according to Spanish law (Organic Law on Biomedical Research, 14 July 2007). The demographics and clinical characteristics of patients included in this study and stratified by severity (moderate, severe, and critical) and APOE genotype are shown in Table 1. Patients were diagnosed after undergoing the following tests: (i) clinical (neurologic, psychiatric) examination, (ii) blood and urine analyses, (iii) neuropsychological assessment (Mini-Mental State Examination (MMSE), Hamilton-A/D, Unified Parkinson’s Disease Rating Scale (UPDRS), Hoehn and Yahr Staging, Schwab), (iv) cardiovascular evaluation (EKG), (v) structural neuroimaging (brain MRI), (vi) functional neuroimaging (brain mapping), (vii) genetic assessment, and (viii) pharmacogenetic profiling including the study of several single nucleotide polymorphisms (SNPs) associated with PD, AD or VaD. Study procedures were reviewed and approved by the Institutional Review Boards of the International Center of Neuroscience and Genomic Medicine.



Blood samples (5 mL) from all patients were collected into anticoagulant-coated tubes and centrifuged at 2000× g for 15 min at 4 °C. The buffy coat fraction was then collected and stored at −40 °C until DNA or nuclear protein extractions. For RNA purification from blood samples, red blood cells were selectively lysed and centrifuged at 1500 rpm to precipitate lymphocytes. Lymphocytes were homogenized in Qiazol lysis reagent (Qiagen, Hilden, Germany) and samples stored at −40 °C.




4.2. DNA Extraction


DNA from peripheral blood lymphocytes was extracted using the QIAcube robotic workstation and QIAamp DNA Mini Kit (Qiagen), according to the manufacturer´s protocol. DNA purity and concentrations were measured with a microplate spectrophotometer (Epoch, BioTek Instruments, Winooski, VT, USA). Only DNA samples with 260/280 and 260/230 ratios above 1.8 were used in this study.




4.3. RNA Extraction


RNA from peripheral blood lymphocytes was extracted using the miRNeasy Mini Kit (Qiagen) as per the manufacturer´s protocol. Briefly, samples were incubated for 5 min at room temperature, mixed with chloroform, and then centrifuged at 12,000× g for 15 min at 4 °C to separate the organic and upper aqueous phases. RNA was extracted with the QIAcube, following the manufacturer´s instructions. RNA quality and concentrations were determined with a microplate reader (Epoch, BioTek Instruments, Winooski, VT, USA). Only RNA samples with 260/280 and 260/230 ratios above 1.8 were used.




4.4. Nuclear Protein Extraction


Nuclear protein extracts from peripheral blood lymphocytes were prepared using the EpiQuik Nuclear Extraction kit (Epigentek, New York, NY, USA) following the manufacturer´s specifications. Protein concentrations of nuclear extracts were determined with the Pierce bicinchoninic acid (BCA) Protein Assay (Life Technology, Rockford, IL, USA).




4.5. Quantification of Global DNA Methylation (5mC)


Global 5mC levels were measured colorimetrically using 50 ng DNA per sample with the MethylFlash Methylated DNA Quantification Kit (Epigentek, New York, NY, USA), according to the manufacturer´s instructions. Absorbance was measured at 450 nm with a microplate reader. To quantify the absolute amount of methylated DNA, we generated a standard curve using linear regression function (Microsoft Excel). The amount (ng) and percent of 5mC was then calculated with the formulae:


5mC (ng) = (Sample OD − Blank OD)/(Slope × 2)










5mC (%) = 5mC (ng)/sample DNA (ng) × 100












4.6. Quantification of SIRT Activity


The SIRT activity study included healthy (n = 10), NDD-D (n = 12) and NDD-PD (n = 8) patients (Table 1). SIRT activity was measured by a colorimetric SIRT Activity/Inhibition kit (Epigentek, New York, NY, USA), as per the manufacturer’s instructions. Briefly, 50 ng nuclear protein extract was added to wells containing an acetylated histone-derived substrate and incubated for 90 min at 37 °C. The wells were washed and capture and detection antibodies added. The amount of deacetylated product, proportional to SIRT enzyme activity, was then measured by recording the absorbance at 450 nm in a microplate spectrophotometer.




4.7. Quantitative Real-Time RT-PCR


RNA was reverse-transcribed following the specifications of the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Purified RNAs (200 ng) were copied into cDNAs using gene-specific primers under the following thermocycling conditions: 10 min at 25 °C, then 120 min at 37 °C, and 5 min at 85 °C.



Gene expression was quantified by qPCR using the StepOne Plus Real-Time PCR system (Applied Biosystems, Waltham, MA, USA). Each PCR reaction was performed in duplicate with the TaqMan Gene Expression Master Mix (Thermo Fisher, Waltham, MA, USA) and the specific TaqMan probes (Thermo Fisher) stated in Table 2. Results were then normalized to human GAPDH as an endogenous reference gene. Data analysis was performed using the comparative CT method with the StepOne Plus Real-Time PCR software, and presented as mean ± S.E.M.




4.8. Genotyping


SNPs and copy number variants (CNVs) were genotyped by qPCR amplification with TaqMan assays with the StepOne Plus Real-Time PCR system (Life Technology. Darmstadt, Germany) and TaqMan OpenArray DNA microchips for the QuantStudioTM 12K Flex Real-Time PCR System. Results were analyzed with Genotyper software (Thermo Fisher Scientific, Waltham, MA, USA).




4.9. Statistical Analysis


Statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA) and MedCalc version 16.4.3 (MedCalc Software). Data were tested for normality and equality of variances using the D’Agostino–Pearson Normality and Levene’s tests, respectively. Statistical significance was determined with a one-way ANOVA with post hoc Bonferroni correction for multiple comparisons, or unpaired t tests (GraphPad Prism, CA). The diagnostic accuracy of biomarkers was evaluated using non-parametric receiver operating characteristic (ROC) curves; the areas under the curve (AUC) were compared using the method of Delong et al. [96]. The Youden index (J = max {sensitivity + specificity − 1}) was used to identify the optimal (highest sensitivities and specificities) biomarker cut-off points. An AUC value of 0.5 shows a lack of diagnostic accuracy. The exact binomial method was used to estimate the 95% CIs of the AUC; AUC values are expressed with their 95% confidence intervals (CIs). Correlation analysis was performed using linear regression in GraphPad Prism. Data are presented as mean ± S.E.M.; * p < 0.05, ** p < 0.01 and *** p < 0.001 were considered statistically significant.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms23010013/s1.





Author Contributions


R.C. and O.M.-I. designed the study; O.M.-I. and V.N. wrote the paper; O.M.-I. performed the experiments; O.M.-I. and V.N. analyzed the data; N.C. contributed to data collection. All authors have reviewed the manuscript and agree with its contents. All authors have read and agreed to the published version of the manuscript.




Funding


This study did not receive external funding.




Institutional Review Board Statement


Samples were obtained from the CIBE collection (C000925, 21 October 2013, EuroEspes Biomedical Research Center) after informed consent from all patients and/or legal caregivers. The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of EuroEspes.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cacabelos, R.; Teijido, O.; Carril, J.C. Can cloud-based tools accelerate Alzheimer’s disease drug discovery? Expert Opin. Drug Discov. 2016, 11, 215–223. [Google Scholar] [CrossRef] [PubMed]

	



Cacabelos, R. Pharmacogenomics of Alzheimer’s and Parkinson’s Diseases. Neurosci. Lett. 2018, 726, 133807. [Google Scholar] [CrossRef] [PubMed]

	



Cacabelos, R.; Fernandez-Novoa, L.; Lombardi, V.; Kubota, Y.; Takeda, M. Molecular genetics of Alzheimer’s disease and aging. Methods Find. Exp. Clin. Pharm. 2005, 27 (Suppl. A), 1–573. [Google Scholar]

	



Teijido, O.; Cacabelos, R. Pharmacoepigenomic Interventions as Novel Potential Treatments for Alzheimer’s and Parkinson’s Diseases. Int. J. Mol. Sci. 2018, 19, E3199. [Google Scholar] [CrossRef] [PubMed]

	



Cacabelos, R. Pharmacogenomics in Alzheimer’s disease. Methods Mol. Biol. 2008, 448, 213–357. [Google Scholar] [PubMed]

	



Ciceri, F.; Rotllant, D.; Maes, T. Understanding Epigenetic Alterations in Alzheimer’s and Parkinson’s Disease: Towards Targeted Biomarkers and Therapies. Curr. Pharm. Des. 2017, 23, 839–857. [Google Scholar] [CrossRef]

	



Dauer, W.; Przedborski, S. Parkinson’s disease: Mechanisms and models. Neuron 2003, 39, 889–909. [Google Scholar] [CrossRef]

	



Spillantini, M.G.; Scmidt, M.L.; Lee, V.; Trojanowski, J.Q.; Jakes, R.; Goedert, M. Alpha-synuclein in Lewi bodies. Nature 1997, 388, 839–840. [Google Scholar] [CrossRef]

	



Urdinguio, R.; Sanchez-Mut, J.; Esteller, M. Epigenetic mechanisms in neurological diseases: Genes, syndromes, and therapies. Lancet Neurol. 2009, 8, 1056–1072. [Google Scholar] [CrossRef]

	



Sweatt, J. The emerging field of neuroepigenetics. Neuron 2013, 80, 624–632. [Google Scholar] [CrossRef]

	



Cacabelos, R.; Tellado, I.; Cacacbelos, P. The Epigenetic Machinery in the Life Cycle and Pharmacoepigenetics; Elsevier: Amsterdam, The Netherlands, 2019. [Google Scholar]

	



Delgado-Morales, R.; Esteller, M. Opening up the DNA methylome of dementia. Mol. Psychiatry 2017, 22, 485–496. [Google Scholar] [CrossRef]

	



Lahiri, D.; Maloney, B. The “LEARn” (latent early-life associated regulation) model: An epigenetic pathway linking metabolic and cognitive disorders. J. Alzheimers Dis. 2012, 30, 15–30. [Google Scholar] [CrossRef] [PubMed]

	



Maloney, B.; Lahiri, D. Epigenetics of dementia: Understanding the disease as a transformation rather than a state. Lancet Neurol. 2016, 15, 760–774. [Google Scholar] [CrossRef]

	



Cacabelos, R.; Carril, J.C.; Cacabelos, N.; Kazantsev, A.G.; Vostrov, A.V.; Corzo, L.; Cacabelos, P.; Goldgaber, D. Sirtuins in Alzheimer´s disease: SIRT2-related genophenotypes and implications for pharmacoepigenetics. Int. J. Mol. Sci. 2019, 20, 1249. [Google Scholar] [CrossRef]

	



Alberti, K.G.; Zimmet, P.Z. Definition, diagnosis and classification of diabetes mellitus and its complications. Part 1: Diagnosis and classification of diabetes mellitus provisional report of a WHO consultation. Diabetes Med. 1998, 15, 539–553. [Google Scholar] [CrossRef]

	



Lacal, I.; Ventura, R. Epigenetic Inheritance: Concepts, Mechanisms and Perspectives. Front. Mol. Neurosci. 2018, 11, 292. [Google Scholar] [CrossRef]

	



Bird, A. The essentials of DNA methylation. Cell 1992, 70, 5–8. [Google Scholar] [CrossRef]

	



Gräff, J.; Mansury, I. Epigenetic codes in cognition and behaviour. Behav. Brain Res. 2008, 1, 70–87. [Google Scholar] [CrossRef] [PubMed]

	



Nan, X.; Cross, S.; Bird, A. Gene silencing by methyl-CpG-binding proteins. Novartis Found. Symp. 1998, 214, 6–16. [Google Scholar] [PubMed]

	



Nan, X.; Campoy, F.; Bird, A. MeCP2 is a transcriptional repressor with abundant binding sites in genomic chromatin. Cell 1997, 88, 471–481. [Google Scholar] [CrossRef]

	



Hermann, A.; Gowher, J.; Jeltsch, A. Biochemistry and biology of mammalian DNA methyltransferases. Cell Mol. Life Sci. 2004, 61, 2571–2587. [Google Scholar] [CrossRef]

	



Guo, J.; Su, Y.; Shin, J.; Li, H.; Xie, B.; Zhong, C.; Hu, S.; Le, T.; Fan, G.; Zhu, H.; et al. Distribution, recognition and regulation of non-CpG methylation in the adult mammalian brain. Nat. Neurosci. 2014, 17, 215–222. [Google Scholar] [CrossRef] [PubMed]

	



Hermann, A.; Goyal, R.; Jeltsch, A. The Dnmt1 DNA-(cytosine-C5)-methyltransferase methylates DNA processively with high preference for hemimethylated target sites. J. Biol. Chem. 2004, 279, 48350–48359. [Google Scholar] [CrossRef] [PubMed]

	



Okano, M.; Xie, S.; Li, E. Cloning and characterization of a family of novel mammalian DNA (cytosine-5) methyltransferases. Nat. Genet. 1998, 19, 219–220. [Google Scholar] [CrossRef] [PubMed]

	



Gowher, H.; Liebert, K.; Hermann, A.; Xu, G.; Jeltsch, A. Mechanism of stimulation of catalytic activity of Dnmt3A and Dnmt3B DNA-(cytosine-C5)-methyltransferases by Dnmt3L. J. Biol. Chem. 2005, 80, 13341–13348. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J.; Su, Y.; Zhong, C.; Ming, G.; Song, J. Hydroxylation of 5-methylcytosine by TET1 promotes active DNA demethylation in the adult brain. Cell 2011, 145, 423–434. [Google Scholar] [CrossRef]

	



Verdin, E.; Ott, M. 50 years of protein acetylation: From gene regulation to epigenetics, metabolism and beyond. Nat. Rev. Mol. Cell Biol. 2014, 16, 258–264. [Google Scholar] [CrossRef]

	



Li, X.; Feng, Y.; Wang, X.-X.; Truong, D.; Wu, Y.-C. The critical role of SIRT1 in Parkinson´s Disease: Mechanism and therapeutic consideration. Aging Dis. 2020, 11, 1608–1622. [Google Scholar] [CrossRef]

	



Grabowska, W.; Sikora, E.; Bielak-Zmijewska, A. Sirtuins, a promising target in slowing down the ageing process. Biogerontology 2017, 18, 447–476. [Google Scholar] [CrossRef]

	



Amjad, S.; Nisar, S.; Bhat, A.A.; Shah, A.R.; Frenneaux, M.P.; Fakhro, K.; Haris, M.; Reddy, R.; Patay, Z.; Baur, J.; et al. Role of NAD+ in regulating cellular and metabolic signaling pathways. Mol. Metab. 2021, 49, 101195. [Google Scholar] [CrossRef]

	



Donmez, G.; Outeiro, T.F. SIRT1 and SIRT2: Emerging targets in neurodegeneration. EMBO Mol. Med. 2013, 5, 344–352. [Google Scholar] [CrossRef] [PubMed]

	



Michasn, S.; Sinclair, D. Sirtuins in mammals: Insights into their biological function. Biochem. J. 2007, 404, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Kadmiri, N.E.; Said, N.; Slassi, I.; Moutawakil, B.E.; Nadifi, S. Biomarkers for Alzheimer Disease: Classical and Novel Candidates’ Review. Neuroscience 2018, 370, 181–190. [Google Scholar] [CrossRef]

	



Martinez-Iglesias, O.; Carrera, I.; Carril, J.C.; Fernández-Novoa, L.; Cacabelos, N.; Cacabelos, R. DNA Methylation in Neurodegenerative and Cerebrovascular disorders. Int. J. Mol. Sci. 2020, 21, 2220. [Google Scholar] [CrossRef]

	



Stocker, H.; Möllers, T.; Perna, L.; Brenner, H. The genetic risk of Alzheimer’s disease beyond APOE e4: Systematic review of Alzheimer´s genetic risk scores. Transl. Psychiatry 2018, 8, 166. [Google Scholar] [CrossRef] [PubMed]

	



Lee, I.H. Mechanisms and disease implications of sirtuin-mediated autophagic regulation. Exp. Mol. Med. 2019, 51, 1–11. [Google Scholar] [CrossRef]

	



Khan, H.; Tiwari, P.; Kaur, A.; Singh, T.G. Sirtuin Acetylation and Deacetylation: A Complex Paradigm in Neurodegenerative Disease. Mol. Neurobiol. 2021, 58, 3903–3917. [Google Scholar] [CrossRef] [PubMed]

	



Cooper-Knock, J.; Kirby, J.; Ferraiuolo, L.; Heath, P.R.; Rattray, M.; Sjaw, P.J. Gene expression profiling in human neurodegenerative disease. Nat. Rev. Neurol. 2012, 8, 518–530. [Google Scholar] [CrossRef]

	



Xu, J.; de Winter, F.; Farrokhi, C.; Rockenstein, E.; Mante, M.; Adame, A.; Cook, J.; Jin, X.; Masliah, E.; Lee, K.-L. Neuregulin 1 improves cognitive deficits and neuropathology in an Alzheimer’s disease model. Sci. Rep. 2016, 6, 31692. [Google Scholar] [CrossRef]

	



Ryu, J.; Hong, B.-H.; Kim, Y.-J.; Yang, E.-J.; Choi, I.; Kim, H.; Ahn, S.; Baik, T.-K.; Woo, R.-S.; Kim, H.-S. Neuregulin-1 attenuates cognitive function impairments in a transgenic mouse model of Alzheimer’s disease. Cell Death Dis. 2016, 7, e2117. [Google Scholar] [CrossRef]

	



Hama, Y.; Yabe, I.; Wakabayashi, K.; Kano, T.; Hirotani, M.; Iwakura, Y.; Utsumi, J.; Sasaki, H. Level of plasma neuregulin-1 SMDF is reduced in patients with idiopatic Parkinson’s disease. Neurosci. Lett. 2015, 5, 17–21. [Google Scholar] [CrossRef] [PubMed]

	



Caillet-Boudin, M.-L.; Buée, L.; Sergeant, N.; Lefebvre, B. Regulation of human MAPT gene expression. Mol. Neurodegener. 2015, 10, 28. [Google Scholar] [CrossRef]

	



Fukasawa, J.T.; de Labio, R.W.; Rasmussen, L.T.; de Oliveira, L.C.; Chen, E.; Villares, J.; Tureck, G.; Smith, M.; Payao, S. CDK5 and MAPT Gene Expression in Alzheimer’s Disease Brain Samples. Curr. Alzheimer Res. 2018, 15, 182–186. [Google Scholar] [CrossRef]

	



Tobin, J.E.; Latourelle, J.C.; Lew, M.-F.; Klein, C.; Suchowersky, O.; Shill, H.A.; Golbe, L.I.; Mark, M.H.; Growdon, J.H.; Wooten, G.F. Haplotypes and gene expression imlicate the MAPT region for Parkinson disease: The GenePD Study. Neurology 2008, 71, 28–34. [Google Scholar] [CrossRef] [PubMed]

	



Giacobbo, B.L.; Doorduin, J.; Klein, H.C.; Dierckx, R.; Bromberg, E.; de Vries, E. Brain-Derived Neurotrophic Factor in Brain Disorders: Focus on Neuroinflammation. Mol. Neurobiol. 2019, 56, 3295–3312. [Google Scholar] [CrossRef] [PubMed]

	



Colucci-D´Amato, L.; Speranza, L.; Volpicelli, F. Neurotrophic Factor BDNF, Physiological Functions and Therapeutic Potential in Depression, Neurodegeneration and Brain Cancer. Int. J. Mol. Sci. 2020, 21, 7777. [Google Scholar] [CrossRef] [PubMed]

	



Heyn, H.; Esteller, M. DNA methylation profiling in the clinic: Applications and challenges. Nat. Rev. Genet. 2012, 13, 679–692. [Google Scholar] [CrossRef]

	



Lu, H.; Liu, X.; Deng, Y.; Qing, H. DNA methylation, a hand behind neurodegenerative diseases. Front. Aging Neurosci. 2013, 5, 85. [Google Scholar] [CrossRef]

	



Kalaria, R. Similarities between Alzheimer’s disease and vascular dementia. J. Neurol. Sci. 2002, 203, 29–34. [Google Scholar] [CrossRef]

	



Pook, M. DNA methylation and trinucleotide repeat expansion diseases. DNA Methylation- Genom. Technol. 2012, 10, 194–209. [Google Scholar]

	



Francesco, A.D.; Arosio, B.; Falconi, A.; Bonaventura, M.M.D.; Karimi, M.; Mari, D.; Casati, M.; Maccarrobe, M.; D´Affario, C. Global changes in DNA methylation in Alzheimer’s disease peripheral blood mononuclear cells. Brain Behav. Immun. 2015, 45, 139–144. [Google Scholar] [CrossRef] [PubMed]

	



Masliah, E.; Dumaop, W.; Galasko, D.; Desplats, P. Distinctive patterns of DNA methylation associated with Parkinson disease: Identification of concordant epigenetic changes in brain and peripheral blood leukocytes. Epigenetics 2013, 8, 1030–1038. [Google Scholar] [CrossRef] [PubMed]

	



Salameh, Y.; Bejaoui, Y.; El Hajj, N. DNA methylation biomarkers in aging and age-related diseases. Front Genet. 2020, 11, 171. [Google Scholar] [CrossRef]

	



Unniktishnan, A.; Freeman, W.; Jackson, J.; Wren, J.; Porter, H.; Richardson, A. The role of DNA methylation in epigenetics and aging. Pharmacol. Ther. 2019, 195, 172–185. [Google Scholar] [CrossRef] [PubMed]

	



Landgrave-Gómez, J.; Mercado-Gómez, O.; Guevara-Guzmán, R. Epigenetic mechanisms in neurological and neurodegenerative diseases. Front. Cell Neurosci. 2015, 9, 58. [Google Scholar] [PubMed]

	



Mastroeni, D.; Grover, A.; Delvaux, E.; Whiteside, C.; Coleman, P.; Rogers, J. Epigenetic changes in Alzheimer’s disease: Decrements in DNA methylation. Neurobiol. Aging 2010, 31, 2025–2037. [Google Scholar] [CrossRef]

	



Chouliaras, L.; Mastroeni, D.; Delvaux, E.; Grover, A.; Kenis, G.; Hof, P.; Steinbusch, H.; Coleman, P.; Rutten, B.; Hove, D. Consistent decrease in global DNA methylation and hydroxymethylation in the hippocampus of Alzheimer’s disease patients. Neurobiol. Aging 2013, 34, 2091–2099. [Google Scholar] [CrossRef] [PubMed]

	



Condliffe, D.; Wong, A.; Troakes, C.; Proitsi, P.; Patel, Y.; Chouliaras, L.; Fernandes, C.; Cooper, J.; Lovestone, S.; Schalkwyk, L.; et al. Cross-region reduction in 5-hydroxymethylcytosine in Alzheimer’s disease brain. Neurobiol. Aging 2014, 35, 1850–1854. [Google Scholar] [CrossRef] [PubMed]

	



Wen, K.X.; Milic, J.; El-Khodor, B.; Dhana, K.; Nano, J.; Pulido, T.; Kraja, B.; Zaciragic, A.; Bramer, W.M.; Troup, J.; et al. The Role of DNA Methylation and Histone Modifications in Neurodegenerative Diseases: A Systematic Review. PLoS ONE 2016, 11, e0167201. [Google Scholar] [CrossRef]

	



Ciccarone, F.; Tagliatesta, S.; Caiafa, P.; Zampieri, M. DNA methylation dynamics in aging: How far are we from understanding the mechanisms? Mech. Ageing Dev. 2018, 174, 3–17. [Google Scholar] [CrossRef]

	



Xu, X.; Cui, D. DNA methyltransferases, DNA methylation and age-associated cognitive function. Int. J. Mol. Sci. 2018, 19, 1315. [Google Scholar]

	



Oliveira, A.M.M.; Hemstedt, T.J.; Bading, H. Rescue of aging-associated decline in DnmtDNMT3a2 expression restores cognitive abilities. Nat. Neurosci. 2012, 15, 1111. [Google Scholar] [CrossRef]

	



Miller, C.A.; Sweatt, J.D. Covalent modification of DNA regulates memory formation. Neuron 2007, 53, 857–869. [Google Scholar] [CrossRef] [PubMed]

	



Levenson, J.M.; Roth, T.L.; Lubin, F.D.; Miller, C.A.; Juang, I.-C.; Desai, P.; Malone, L.M.; Swearr, J.D. Evidence that DNA (cytosine-5) methyltransferase regulates synaptic plasticity in the hippocampus. J. Biol. Chem. 2006, 281, 15763–15773. [Google Scholar] [CrossRef]

	



Wülner, U.; Kaut, O.; de Boni, L.; Piston, D. DNA methylation in Parkinson’s disease. J. Neurosci. 2016, 139, 108–120. [Google Scholar] [CrossRef] [PubMed]

	



Lashley, T.; Gami, P.; Valizadeh, N.; Lo, A.; Revesz, T.; Balazs, R. Alterations in global DNA methylation and hydroxymethylation are not detected in Alzheimer’s disease. Neuropathol. Appl. Neurobiol. 2016, 41, 497–506. [Google Scholar] [CrossRef]

	



Phipps, A.J.; Vickers, J.C.; Taberlay, P.C.; Woodhouse, A. Neurofilament-labeled pyramidal neurons and astrocytes are deficient in DNA methylation marks in Alzheimer’s disease. Neurobiol. Aging 2016, 45, 30–42. [Google Scholar] [CrossRef]

	



Horvath, S.; Raj, K. DNA methylation-based biomarkers and the epigenetic clock theory of ageing. Nat. Rev. Genet. 2018, 19, 371–384. [Google Scholar] [CrossRef]

	



JAffe, A.E.; Irizarry, R.A. Accounting for cellular heterogeinity is critical in epigenome-wide association studies. Genome Biol. 2014, 15, R31. [Google Scholar] [CrossRef] [PubMed]

	



Julien, C.; Tremblay, C.; Emond, V.; Lebbadi, M.; Salem, N., Jr.; Bennet, D.A.; Calon, F. Sirtuin1 reduction parallels the accumulation of tau in Alzheimer’s disease. J. Neuropath Exp. Neutol. 2009, 48, 48–58. [Google Scholar] [CrossRef] [PubMed]

	



Joao, F.; Gong, Z. The beneficial roles of SIRT1 in Neuroinflammation-related Diseases. Oxidative Med. Cell Long. 2020, 2020, 6782872. [Google Scholar] [CrossRef]

	



Donmez, G.; Guarante, L. Aging and disease: Connection to sirtuins. Aging Cell. 2010, 9, 285–290. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhang, Y.; Zhu, K.; Chi, S.; Ewang, C.; Xie, A. Emerging role of sirtuin 2 in Parkinson’s disease. Front. Aging Neurosci. 2020, 11, 372. [Google Scholar] [CrossRef] [PubMed]

	



Outeiro, T.F.; Kontopoulos, E.; Altmann, S.M.; Kufareva, I.; Strarheam, K.E.; Amore, A.M.; Volk, C.B.; Maxwell, M.M.; Rochet, J.C.; McLean, P.J. Sirtuin2 inhibitors rescue alpha-synuclein-mediated toxicity in models of Parkinson’s disease. Science 2007, 317, 516–519. [Google Scholar] [CrossRef] [PubMed]

	



Ansari, A.; Rahman, M.S.; Saha, S.K.; Saikot, F.K.; Deep, A.; Kim, K.H. Function of the SIRT3 mitochondrial deacetylase in cellular physiology, cancer, and neurodegenerative disease. Aging Cell. 2017, 16, 4–16. [Google Scholar] [CrossRef]

	



Yang, W.; Zou, Y.; Zhang, M.; Zhao, N.; Tian, Q.; Gu, M.; Liu, W.; Shi, R.; Lü, Y.; Yu, W. Mitochondrial SIRT3 expression is decreased in APP/PS1 double transgenic mouse model of Alzheimer´s Disease. Neurochem. Res. 2015, 40, 1576–1582. [Google Scholar] [CrossRef]

	



Mohamed Nasir, N.-F.; Zainuddin, A.; Shamsuddin, S. Emerging roles of Sirtuin 6 in Alzheimer’s disease. J. Mol. Neurosci. 2018, 64, 157–161. [Google Scholar] [CrossRef] [PubMed]

	



Kaluski, S.; Portillo, M.; Besnard, A.; Stein, D.; Einav, M.; Zhong, L.; Ueberham, U.; Arendt, T.; Mostolavsky, R.; Sahay, A. Neuroprotective Functions for the Histone Deacetylase SIRT6. Cell Rep. 2017, 18, 3052–3062. [Google Scholar] [CrossRef]

	



Xu, J.; Hu, C.; Chen, S.; Shen, H.; Jiang, Q.; Huang, P.; Zhao, W. Neuregulin-1 protects mouse cerebellum against oxidative stress and neuroinflammation. Brain Res. 2017, 1670, 32–43. [Google Scholar] [CrossRef]

	



Carlsoon, T.; Schindler, F.R.; Höllerhage, M.; Depboylu, C.; Arias-Carrion, O.; Schnurrbusch, S.; Rösler, T.W.; Wozny, W.; Schwall, G.P.; Groebe, K.; et al. Systemic administration of neuregulin-1b1 protects dopaminergic neurons in a mouse model of Parkinson’s disease. J. Neurochem. 2011, 117, 1066–1074. [Google Scholar] [CrossRef]

	



Zuccato, C.; Cathaneo, E. Brain-derived neurotrophic factor in neurodegenerative diseases. Nat. Rev. Neurol. 2009, 5, 311–322. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, S.-S.; Shen, L.-L.; Zhu, C.; Bu, X.-L.; Liu, C.-H.; Yao, Z.-Q.; Zhang, L.-L.; Zhou, H.-D.; Walker, D.-G.; Tan, J.; et al. Brain-derived neurotrophic factor in neurodegenerative diseases. Transl. Psychiatry 2016, 5, 311–329. [Google Scholar]

	



Gezen-Ak, D.; Dursun, E.; Hanagasi, H.; Bilgiç, B.; Lohman, E.; Araz, Ö.S.; Atasoy, I.L.; Alaylıoğlu, M.; Önal, B.; Gürvit, H.; et al. BDNF, TNFa, HSP90, CFH, and IL-10 serum levels in patients with early or late onset Alzheimer’s disease or mild cognitive impairment. J. Alzheimer’s Dis. 2013, 37, 185–195. [Google Scholar] [CrossRef] [PubMed]

	



Ng, T.; Ho, C.; Tam, W.; Kua, E.H.; Ho, R.C.M. Decreased serum brain-derived neurotrophic factor (BDNF) levels in patients with Alzheimer´s disease (AD): A systematic review and meta-analysis. Int. J. Mol. Sci. 2019, 20, 257. [Google Scholar] [CrossRef] [PubMed]

	



Eyileten, C.; Sharif, L.; Wicik, Z.; Jacubik, D.; Jarosz-Popek, J.; Soplinska, A.; Postula, M.; Czlonkowska, A.; Kaplon-Cieslicka, A.; Mirowska-Guzel, D. The relation of the brain-derived neurotrophic factor with microRNAs in neurodegenerative diseases and ischemic stroke. Mol. Neurobiol. 2021, 58, 329–347. [Google Scholar] [CrossRef] [PubMed]

	



Ventiglia, M.; Zanardini, R.; Bonomino, C.; Zanetti, O.; Volpe, D.; Pasqualetti, P.; Gennarelli, M.; Bocchio-Chiavetto, L. Serum brain-derived neurotrophic factor levels in different neurological diseases. BioMed Res. Int. 2013, 2013, 901082. [Google Scholar]

	



Miranda, M.; Morici, J.F.; Zanoni, M.B.; Bekinschtein, P. Brain-Derived Neurotrophic Factor: A key molecule for memory in the healthy and the pathological brain. Front. Cell Neurosci. 2019, 13, 363. [Google Scholar] [CrossRef] [PubMed]

	



Porritt, M.-J.; Batchelor, P.E.; Howells, D.W. Inhibiting BDNF expression by antisense oligonucleotide infusion causes loss of nigral dopaminergic neurons. Exp. Neurol. 2005, 192, 226–234. [Google Scholar] [CrossRef] [PubMed]

	



Scalzao, P.; Kümmer, A.; Bretas, T.L.; Cardoso, F.; Teixeira, A.L. Serum levels of brain-derived neurotrophic factor correlate with motor impairment in Parkinson’s disease. J. Neurol. 2010, 257, 540–545. [Google Scholar] [CrossRef]

	



Jiang, L.; Zhang, H.; Wang, C.; Ming, F.; Shi, X.; Yang, M. Serum level of brain.derived neurotrophic factor in Parkinson’s disease: A meta-analysis. Progr. Neuro-Psychopharm Biol. Psych. 2019, 88, 168–174. [Google Scholar] [CrossRef]

	



Wang, H.-Y.; Zhu, C.-H.; Liu, D.-S.; Wang, Y.; Zhang, J.-B.; Wang, S.-P.; Song, Y.-N. Rehabilitation training improves cognitive disorder after cerebrovascular accident by improving BDNF Bcl-2 and Bax expressions in regulating the JMK pathway. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 3807–3821. [Google Scholar] [PubMed]

	



Turner, R.S.; Stubbs, T.; Davies, D.A.; Albensi, B.C. Potential New Approaches for Diagnosis of Alzheimer’s Disease and Related Dementias. Front. Neurol. 2020, 11, 496. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Sun, X.; Jiang, H.; Yu, S.; Robins, C.; Armstrong, M.; Li, R.; Mei, Z.; Shi, X.; Gerasimov, E.; et al. A machine learning approach to brain epigenetic analysis reveals kinases associated with Alzheimer’s disease. Nat. Commun. 2021, 12, 4472. [Google Scholar] [CrossRef]

	



Fangyu, L.I.; Hua, H.E. Assesing the accuracy of diagnostic test. Shanghai Arch. Psych. 2018, 30, 207–2012. [Google Scholar]

	



DeLong, E.R.; DeLong, D.M.; Clarke-Pearson, D.L. Comparing the areas under two or more correlated receiver operating characteristic curves: A nonparametric approach. Biometrics 1988, 44, 837–845. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 00013 g001 550] 





Figure 1. Analysis of global DNA methylation in blood samples from healthy subjects and patients with NDDs. (A) Global DNA methylation (5mC, %) levels were measured colorimetrically using buffy coat samples from healthy individuals (n = 2), and patients with NDDs (n = 35); unpaired t test (* p < 0.05). (B) 5mC levels (%) in healthy individuals (n = 25) and patients with NDD subtypes; NDD-D (n = 21), NDD-PD (n = 7), and NDD-O (n = 7); one-way ANOVA with post hoc Bonferroni correction for multiple comparisons (p = 0.256). (C) qPCR was performed in samples from the no-NDD and NDD-D groups with TaqMan probes for DNMT3a; unpaired t test (* p < 0.05). Data are presented as the mean ± S.E.M. (D) ROC curve to discriminate subjects without NDDs from patients with NDDs; AUC for 5mC was 0.66 (95% CI: 0.52–0.77), p = 0.0253. The optimal cutoff value according to the Youden’s index was 0.28 (specificity: 40%, sensitivity: 87.5%) (black filled circle). The diagonal green line is a reference line that corresponds to the ROC curve of a diagnostic test that has no diagnostic ability. 5mC, 5-methylcytosine; AUC, area under the curve; CI, confidence interval; DNMT3a, DNA methyltransferase 3a; NDD, patients with neurodegenerative diseases; no-NDD, individuals with no NDDs; NDD-D, NDD patients with dementia; NDD-PD, patients with a range of parkinsonisms representing PD and PD-like disorders; NDD-O; patients with other types of NDDs, such as Huntington’s disease, multiple sclerosis; PD, Parkinson’s disease; qPCR, quantitative real-time PCR; ROC, receiver operating characteristic. 
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Figure 2. SIRT expression and activity in buffy coat samples from healthy individuals and patients with NDDs. qPCR was performed in samples from patients from the no-NDD (n = 9), NDD-D (n = 6) and NDD-PD (n = 9) groups with TaqMan probes for SIRT1 (A,C) and SIRT2 (B,D); unpaired t test (** p < 0.01; *** p < 0.001). SIRT activity was measured colorimetrically using buffy coat samples from healthy subjects (n = 15), patients with NDD-D (n = 16) (E), and in patients with NDD-PD (n = 19). (F) ROC curve analysis of SIRT activity; the AUC for SIRT in patients with dementia was 1 (95% CI: 0.92–1.00), p < 0.0001. The optimal cutoff value determined by the Youden’s index was 1.00 (specificity: 100%, sensitivity: 100%) (black filled circle). The diagonal green line is the ROC curve reference line. (G) SIRT activity levels in patients with parkinsonisms; unpaired t tests (*** p < 0.001). Data are presented as the mean ± S.E.M. (H) The AUC for SIRT from ROC curves for patients from the NDD-PD group was 0.84 (95% CI: 0.68–0.94), p < 0.0001. The optimal cutoff value according to the Youden’s index was 0.66 (specificity: 81.25%, sensitivity: 85%) (black filled circle). AUC, area under the curve; CI, confidence interval; no-NDD, individuals with no neurodegenerative diseases; NDD-D, NDD patients with dementia; NDD-PD, patients with parkinsonisms representing PD and PD-like disorders; PD, Parkinson’s disease; qPCR, quantitative real-time PCR; ROC 5, receiver operating characteristic 5; SIRT, sirtuin. 
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Figure 3. Gene expression in buffy coat samples from healthy individuals and patients with NDDs. qPCR was performed in samples from patients from the no-NDD (n = 9), NDD-D (n = 6) and NDD-PD (n = 9) groups with TaqMan probes for NRG1 (A,B), MAPT (C,D) and BDNF (E,G); unpaired t tests (* p < 0.05; ** p < 0.01; *** p < 0.001). Data are presented as the mean ± S.E.M. (F) ROC curve, generated from BDNF mRNA expression data in patients with dementia, shows an AUC value of 0.95 (95% CI: 0.78–0.99), p < 0.0001. The optimal cutoff value determined by the Youden’s index was 1.00 (specificity: 100%, sensitivity: 100%) (black filled circle). The diagonal green line is the ROC curve reference line. (H) ROC curves for patients with parkinsonisms revealed an AUC for BDNF of 0.875 (95% CI: 0.62–0.97), p < 0.0001. The optimal cutoff value according to the Youden’s index was 0.60 (specificity: 100%, sensitivity: 60%) (black filled circle). AUC, area under the curve; BDNF, brain-derived neurotrophic factor; CI, confidence interval; MAPT, microtubule-associated protein tau; no-NDD, individuals with no neurodegenerative diseases; NDD-D, NDD patients with dementia; NDD-PD, patients with parkinsonisms representing PD and PD-like disorders; NRG1, neuregulin 1; PD, Parkinson’s disease; qPCR, quantitative real-time PCR; ROC 5, receiver operating characteristic 5. 
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Table 1. Study population demographics and classification of individuals under a range of neurodegenerative disorders.
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Total

	
Healthy

	
Dementia

	
PD

	
Others






	
5mC study (Figure 1)

	
Gender

	
N

	
60

	
25

	
21

	
7

	
7




	
Age

	

	
47 ± 2.95

	
64 ± 3.34

	
70 ± 3.38

	
34 ± 8.13




	
Male

	

	
11

	
6

	
4

	
5




	
Female

	

	
14

	
15

	
3

	
2




	
APOE Genotype

	
3.3

	

	
17

	
13

	
5

	
6




	
3.4

	

	
5

	
4

	
1

	




	
4.4

	

	
2

	
3

	

	




	
2.3

	

	
1

	
1

	
1

	
1




	
2.4

	

	

	

	

	




	
Sirtuin activity study (Figure 2)

	
Gender




	
N

	
50

	
15

	
16

	
19

	




	
Age

	

	
65.73 ± 2.23

	
65.44 ± 1.97

	
65.21 ± 2.07

	




	
male

	

	
6

	
6

	
9

	




	
Female

	

	
9

	
10

	
10

	




	
APOE Genotype

	
3.3

	

	
12

	
6

	
10

	




	
3.4

	

	
2

	
7

	
8

	




	
4.4

	

	

	
2

	

	




	
2.3

	

	
1

	
1

	
1

	




	
2.4

	

	

	

	

	




	
Gene expression study (Figure 1, Figure 2, Figure 3)

	
Gender




	
N

	
24

	
9

	
6

	
9

	




	
Age

	

	
67.71 ± 8.28

	
67.9 ± 6.1

	
79.89 ± 5.06

	




	
male

	

	
4

	
4

	
4

	




	
Female

	

	
5

	
2

	
5

	




	
APOE Genotype

	
3.3

	

	
5

	
3

	
2

	




	
3.4

	

	
2

	
1

	
5

	




	
4.4

	

	
1

	
1

	

	




	
2.3

	

	
1

	
1

	
1

	




	
2.4

	

	

	

	
1
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Table 2. TaqMan probes.






Table 2. TaqMan probes.





	Gene
	Reference





	DNMT3A
	Hs1027162_m1



	SIRT1
	Hs109006_m1



	SIRT2
	Hs1560239_m1



	NRG1
	Hs110158_m1



	MAPT
	Hs00902194_m1



	BDNF
	Hs329549_m1



	GAPDH
	Hs2786634_g1
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