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Simple Summary


Neurodegenerative diseases are complex disorders that, in most cases, arise from the interaction between genetic susceptibility and environmental risk factors. In this context, epigenetic mechanisms are crucial in neurodegenerative diseases’ pathogenesis, mediating environmental factors’ effects on proper genome functionality. Sex is an important variable in modulating the risk of developing neurodegenerative diseases and influences their clinical course. Although it is well established that epigenetic mechanisms are also influenced by sex, epigenetic differences between females and males affected by neurodegenerative diseases remain poorly investigated. This review summarizes the key evidence of sex-specific epigenetic alterations in major neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis. Given the growing importance of gender medicine in the treatment of human diseases, a deeper understanding of sex-specific epigenetic mechanisms is highly relevant for neurodegenerative diseases.




Abstract


Neurodegenerative diseases are characterized by profound differences between females and males in terms of incidence, clinical presentation, and disease progression. Furthermore, there is evidence suggesting that differences in sensitivity to medical treatments may exist between the two sexes. Although the role of sex hormones and sex chromosomes in driving differential susceptibility to these diseases is well-established, the molecular alterations underlying these differences remain poorly understood. Epigenetic mechanisms, including DNA methylation, histone tail modifications, and the activity of non-coding RNAs, are strongly implicated in the pathogenesis of neurodegenerative diseases. While it is known that epigenetic mechanisms play a crucial role in sexual differentiation and that distinct epigenetic patterns characterize females and males, sex-specific epigenetic patterns have been largely overlooked in studies aiming to identify epigenetic alterations associated with neurodegenerative diseases. This review aims to provide an overview of sex differences in epigenetic mechanisms, the role of sex-specific epigenetic processes in the central nervous system, and the main evidence of sex-specific epigenetic alterations in three neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis. Understanding the sex-related differences of these diseases is essential for developing personalized treatments and interventions that account for the unique epigenetic landscapes of each sex.
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1. Introduction


The increasing number of individuals affected by neurodegenerative diseases is exerting a significant and escalating strain on public healthcare systems and social welfare worldwide. This trend is largely driven by medical advancements that have increased life expectancy. Currently, approximately fifty million people globally are affected by Alzheimer’s disease (AD) or other types of dementia, a number expected to triple by 2050 [1]. Similarly, the number of people diagnosed with Parkinson’s disease (PD) has increased twofold in the last thirty years and is anticipated to grow by the same magnitude over the next twenty years [2]. Likewise, the number of people affected by motor neuron diseases, such as amyotrophic lateral sclerosis (ALS), has risen by approximately 12.4% between 1990 and 2019 [3]. As a result, the need to identify effective treatments for these human pathologies or to identify procedures to hinder or postpone the symptoms’ onset has become increasingly critical.



In recent years, epidemiological and clinical studies have drawn attention to the influence of biological sex on neurodegenerative diseases, as several differences between females and males in the incidence and clinical course of these disorders are known [4]. For example, approximately two-thirds of AD patients are women [5]. Moreover, women tend to experience a more accelerated decline in cognitive and physical functions, and also have a longer disease duration and a higher prevalence of concomitant neuropsychiatric disorders [6,7]. The primary explanation proposed for the higher prevalence of AD in women is their greater average lifespan compared to men. However, research examining the age-specific incidence rates of AD and other dementias between men and women has produced conflicting results [5]. In this context, PD is also marked by sex differences in disease risk and progression. Unlike AD, however, males have a significantly higher risk, up to twice that of females, of developing PD. However, women with PD often exhibit a higher mortality rate and faster disease progression [8]. Additionally, there are notable sex-based differences in motor and nonmotor symptoms, treatment responses, and disease risk factors. For instance, women are more likely to develop tremor-dominant PD but tend to have less rigidity than men and show greater improvement in daily living activities following deep brain stimulation [9]. Distinct sex-specific characteristics have also been reported in ALS patients. Males are more often affected than females and usually exhibit an earlier onset of symptomatology. Differences between sexes also exist regarding the clinical features of ALS, with a greater proportion of female patients with bulbar onset and a greater proportion of male patients with spinal onset [10].



Overall, sex-related differences in neurodegenerative diseases suggest that disease development may involve distinct pathogenic mechanisms in males and females, or that the same mechanisms may operate differently between the sexes. A deeper understanding of the sex-specific mechanisms underlying neurodegenerative diseases is essential for identifying sex-specific biomarkers for diagnosis and prognosis, and for developing more targeted interventions and treatments aimed at delaying disease onset and improving clinical outcomes. Several intrinsic biological risk factors are gaining importance in supporting sex differences in the risk of developing neurodegenerative diseases. Among these factors, sexual dimorphism in central nervous system structures, alterations in sex hormone signaling, sex-specific risk genes, immune responses, and vascular disease are considered significant determinants [11,12].



However, molecular mechanisms underlying sex differences in neurodegenerative diseases remain elusive. In recent years, evidence of the pivotal role of epigenetics in the etiopathogenesis of neurodegenerative diseases has exponentially increased. Epigenetic mechanisms, which regulate gene expression and chromatin conformation, are highly sensitive to environmental factors. As a result, they play a crucial role in the pathological processes underlying neurodegeneration [13]. Interestingly, epigenetic mechanisms have also been proposed as pivotal mediators of sex-related differences in human diseases, including autoimmune disorders, various types of cancers, and infectious diseases [14]. However, the role of sex differences in epigenetic mechanisms in neurodegenerative diseases has been greatly overlooked. This review aims to address the potential role of sex-related epigenetic mechanisms in neurodegenerative diseases. Sex differences in epigenetic mechanisms are first shown, followed by an overview of sex-specific epigenetic modifications important for brain development and normal adult brain physiology. Finally, the key evidence available in the literature up to December 2024 regarding sex-related epigenetic alterations in three neurodegenerative diseases, namely, AD, PD, and ALS, is described.




2. Epigenetic Mechanisms: Differences Between Sexes


2.1. Overview of the Main Epigenetic Mechanisms


The term epigenetics refers to the study of inheritable gene expression changes that occur in the absence of DNA sequence modifications. These changes are primarily regulated by three main mechanisms, namely, DNA methylation, histone tail modifications, and non-coding RNA activity (Figure 1) [15]. DNA methylation consists of the addition of a methyl group to the DNA, usually at the level of a cytosine followed by a guanine residue, the CpG site, forming 5-methylcytosine (5-mC). Usually, DNA methylation is associated with gene expression repression, especially when it occurs in gene promoters, but it can also be associated with activated gene expression, especially when it occurs in the gene body [16]. Histone modifications involve the addition or removal of molecules at the N-terminal tails of histone proteins. The main characterized histone modifications include acetylation, methylation, phosphorylation, and ubiquitination, among others [17]. The addition of these molecules to the histones modulates the interaction between the histones and the DNA molecule, enabling a more relaxed chromatin conformation, e.g., following histone acetylation, or a more compacted chromatin, e.g., methylation of residues lysine 27, which are associated with activated and repressed gene expressions, respectively. Various enzymes regulate epigenetic mechanisms and are classified based on their function as writers, erasers, and readers. Writers introduce epigenetic marks, as exemplified by DNA methyltransferases (DNMTs) and histone acetyltransferases (HATs). Erasers, on the other hand, delete these epigenetic marks, such as the removal of acetyl groups from histone tails by histone deacetylases (HDACs). Readers, such as the methyl-CpG-binding domain (MBD) proteins, are involved in the detection of and binding to epigenetic marks, facilitating functional outcomes by recruiting other proteins or complexes [18]. A further layer of epigenetic regulation of gene expression and chromatin conformation is mediated by non-coding RNAs (ncRNAs). Based on their length, ncRNAs are usually classified as short RNAs, such as microRNAs (miRNAs), which are composed of 22–25 nucleotides, and long non-coding RNAs (lncRNA), which have more than 200 nucleotides [19]. MiRNAs regulate gene expression post-transcriptionally by binding to mRNA untranslated regions (UTRs), typically within the 3′-UTR, to suppress protein translation or promote mRNA decay [20]. LncRNAs, through RNA-RNA, RNA-DNA, and RNA-protein interactions, have several biological functions, including the modification of chromatin conformation, the regulation of gene transcription, splicing RNA, protein translation and localization, and other forms of RNA processing [21].




2.2. Sex-Related Differences of Epigenetic Mechanisms


Beyond the regulation of gene expression, epigenetic mechanisms are involved in a plethora of molecular pathways that are pivotal for sexual differentiation. For example, it has been reported that DNA methylation and histone modifications are involved in the expression of the Sex-determining Region Y (Sry), a gene located on the Y chromosome that encodes for a transcription factor essential for male gonadogenesis [22]. Studies in mice have shown that the Sry locus, which is rich in CpG sites, is highly methylated during the early postnatal days when the gene is not expressed. In contrast, it becomes hypomethylated in the gonads during the later postnatal period, coinciding with the onset of Sry expression for gonadal differentiation [23]. Similarly, the expression of the KDM3A gene, which encodes a histone demethylase specifically targeting the repressive H3K9me2 histone modification, has been reported to be correlated with the expression pattern of Sry and mutant mice with KDM3A-deficiency, showing male-to-female sex reversal [24,25]. It has also been suggested that Sry itself may act as a regulator of epigenetic mechanisms, influencing gene transcription through the modulation of DNA methylation, histone tail modifications, and miRNA expression [26]. For instance, Sry has been shown to regulate the expression of miR-138, which is involved in various pathways, including the regulation of short-term memory and the inhibition of synaptic transmission [27,28]. Moreover, epigenetic mechanisms are involved in X inactivation (XCI), the process through which one of the two X chromosomes in female cells is inactivated. The XCI process is initiated by the lncRNA XIST (X-inactive Specific Transcript), which is transcribed from the X-inactivation center on the X chromosome destined for inactivation. XIST coats the X chromosome and recruits various protein complexes, including HDACs, histone methyltransferases, and DNMTs, driving significant changes in chromatin organization [29]. As a result of the XCI process, the inactivated X chromosome adopts a compact heterochromatic state so that females will have only one functional copy of the X chromosome in each cell, although several X-linked genes are known to escape X-inactivation, leading to a doubled dosage of these genes in XX cells relative to XY cells [30]. The importance of a sex chromosome pattern and escape genes in influencing disease susceptibility is highlighted by studies on individuals with sex chromosome aneuploidies, such as Klinefelter syndrome (XXY) and Turner syndrome (X0) [31]. For instance, autoimmune diseases typically affect females more frequently than males, with female-to-male ratios as high as 9:1 in Sjögren’s syndrome and 7:1 in systemic lupus erythematosus [32]. Notably, males with two X chromosomes (Klinefelter syndrome) exhibit a higher prevalence of Sjögren’s syndrome compared to control males [33], whereas females with a single X chromosome (Turner syndrome) show reduced susceptibility to systemic lupus erythematosus [34].



Thus, epigenetic differences between females and males emerge early during development. Multiple studies have reported that inherent differences in epigenetic mechanisms also exist between males and females during adulthood. DNA methylation signatures of autosomes specific for females and males have been frequently identified in peripheral blood [35,36,37,38,39,40] and have also been reported in the liver [41], adipose tissue [42], and skeletal muscle [43]. Similarly, sex-specific DNA methylation signatures have been reported in developing [44,45] and adult human brains [46], indicating that most sex differences in the brain methylome manifest early in fetal development and are stable across the life course. Of note, a meta-analysis performed on DNA methylation data at the genome-wide level of 7333 peripheral blood and tissue samples, of which 3647 were from female subjects, identified 184 autosomal CpG sites differentially methylated between females and males [47]. Specifically, males showed a slight, but significant, increase in global DNA methylation. Interestingly, the top associated CpG sites were in genes involved in sex-specific functions, such as SLC9A2 and NUPL1, which are important for male infertility, and DDX43, which is involved in spermatogenesis [47]. Moreover, it has been reported that several CpG sites showing sex-related DNA methylation patterns undergo age-related modifications, and in several instances, these male–female differences in methylation are largely maintained throughout aging. For example, Yusipov et al. reported that a large fraction (43%) of sex-associated CpG sites undergo age-associated DNA methylation changes in peripheral blood, and eight CpG sites also showed an age-by-sex interaction [48]. Similarly, a DNA methylation study conducted on peripheral blood from over 2500 individuals aged 18 to 87 years, along with a replication cohort of more than 4400 individuals aged 18 to 93 years, identified multiple autosomal and X-linked CpG sites associated with 251 genes that exhibited an age-by-sex interaction [49]. The CpG dinucleotide showing the most significant difference in DNA methylation levels between sexes was located in the X-linked GAGE10 gene. Particularly, DNA methylation levels of GAGE10 remained stable over time in males but declined with age in females. In recent years, many studies have identified DNA methylation changes related to age at individual CpG sites, contributing to the evolution of predictive algorithms known as “epigenetic clocks”, which estimate the biological age based on epigenetic profiles [50]. While a definitive link between epigenetic clock predictions and the risk of age-related diseases remains elusive [51], numerous independent studies have demonstrated that epigenetic age acceleration, defined as a predicted epigenetic age exceeding chronological age, is correlated with age-associated conditions such as cancer, cardiovascular diseases, neurodegenerative disorders, and increased all-cause mortality [52]. Conversely, epigenetic age deceleration has been associated with successful aging and increased longevity [53,54]. Interestingly, differences in epigenetic age acceleration between sexes have been reported. For example, it was shown that men have higher epigenetic aging rates than women in blood, saliva, and brain tissue [55]. More recently, the epigenetic clock was assessed in a Finnish population consisting of young twins (21–42 years), older twins (50–76 years), and 151 pairs of young (21–30 years) opposite-sex twins [56]. The authors observed that men were biologically older than women, and the association between sex and biological aging was stronger in older twins. Similarly, Swedish women exhibited lower DNA methylation ages than men [57]. The difference in biological age between females and males could be partially explained by hormonal factors. Indeed, it has been reported that menopause is associated with an accelerated biological age [58], while androgen reduction is associated with a decelerated biological age [59].



Also, histone modifications have been reported to differ between males and females. For example, levels of acetylated (H3K9/14Ac) and trimethylated (H3K9Me3) histone H3 were found to be increased in the cortex and hippocampus of male mice compared to females on embryonic day 18, the day of birth, and six days later [60]. Moreover, analysis at the genomic level of the histone-3 lysine-4 trimethylation (H3K4me3) in the stria terminalis and preoptic area of female and male mice showed that females had a greater distribution of the epigenetic mark compared to males [61]. Similarly, in addition to the already described lncRNAs XIST, several ncRNAs have been reported to be expressed differently between males and females. A total of 375 lncRNAs were differentially expressed in mouse liver between females and males, including 123 male- and 252 female-biased lncRNAs [62]. A recent study investigated the sex differences in constitutive long non-coding RNA expression in spinal cord and skeletal muscle from wild-type mice [63]. Authors found age- and tissue-dependent significant sex differences, being more prominent in skeletal muscle. Moreover, in vitro analysis showed that long non-coding RNA levels are modulated by estradiol and dihydrotestosterone treatment in muscle tissue [63]. Moreover, some evidence suggests that escape genes from XCI can contribute to sexual dimorphism. For example, the escape gene encoding for the miR-548am-5p confers to XX cells a higher resistance to cell death compared to XY cells, a characteristic that could favor the survival of the female organism [64].



Epigenetic mechanisms are sensitive to hormonal effects, and sex hormones, including androgens and estrogens, may play a crucial role in establishing epigenetic pattern differences between females and males. Sex hormones are steroid hormones that can enter the cell, where they bind to specific receptors, such as an estrogen receptor (ER) and androgen receptor (AR) [65]. Once activated, the hormone–receptor complex enters the nucleus, dimerizes, and binds to specific hormone response elements on DNA to regulate transcription of target genes [66]. However, there is also evidence that sex hormones regulate gene expression through their modulation of epigenetic mechanisms. For example, the expression of DNMT1, DNMT3A, and DNMT3B is regulated by female sex steroid hormones during the menstrual cycle [67]. Additionally, estradiol, derived from testosterone conversion, was shown to elevate DNMT3A and DNMT3B expression [68]. Recently, it has been reported that DNMT1, DNMT3A, and DNMT3B genes have several binding sites for estrogen hormone binding, thus further suggesting that their expression is strongly regulated by sex hormones [69]. Moreover, sex hormones are involved in the modulation of genes encoding for writers and erasers of histone tail acetylation and methylation [70,71]. Thus, sex hormones are key regulators of epigenetic mechanisms and may underlie the epigenetic differences between females and males, contributing to their differing susceptibility to certain diseases.



Also, various environmental factors play a significant role in regulating epigenetic mechanisms [72]. Indeed, diet, stress, air pollution, and chemicals like endocrine disruptors can cause lasting epigenetic changes that affect sexual differentiation, development, and aging [73]. Epigenetic mechanisms are particularly vulnerable to environmental influences during fetal development, potentially predisposing individuals to complex diseases later in life [74]. The Developmental Origins of Health and Disease (DOHaD) theory posits that early-life exposure to adverse environmental factors heightens the risk of adult-onset complex diseases, including neurodegenerative disorders, with epigenetic mechanisms as key mediators of this process [74]. For instance, animal studies have demonstrated that in utero exposure to heavy metals and pesticides increases the risk of AD and PD through the alteration of epigenetic pathways [75,76,77,78]. Environmental exposures such as diet, stress, and toxins can impact epigenetic markers differently in males and females, contributing to sex-specific disease risks. For example, it was reported that the DNA methylation patterns of female and male children were differently impacted by lead exposure [79]. Moreover, the exposure to the endocrine disruptor bisphenol A (BPA) was also able to induce DNA methylation alteration in a sex-specific manner [80]. Also, it was reported that female and male mice subjected to stressful behavioral experiences, including a schedule of food rewards, or an episode of forced swimming followed by restraint stress, or no specific behavioral task, exhibited different changes in histone modifications [81]. For example, males showed higher levels of H3K27me3 in the frontal cortex, while females showed a reduction in H3K9ac, H3K4me3, H3K9me2, and H3k27me3 in the hippocampus. Similarly, sex-specific histone modifications were observed in brain samples from mice exposed to lead [82] and arsenic [83].



Overall, females and males exhibit different epigenetic marks, which could account for differences in an organism’s physiology and in its ability to respond to environmental factors, potentially predisposing to sex-related risks of human pathologies. Figure 2 provides an overview of the factors that contribute to sex-related epigenetic differences.





3. Epigenetic Mechanisms Underlying Sex Differences in Central Nervous System


The sexual differentiation of the brain begins prenatally and continues throughout life, shaped by the interplay of gonadal hormones and sex chromosomes. Moreover, environmental factors can influence central nervous system development, and there is evidence that females and males can respond differently to environmental factors, undergoing different effects on the brain [84,85]. Accumulating evidence highlights that epigenetic mechanisms play an important role in shaping sex-related neuronal differentiation.



Brain masculinization and feminization are modulated by estrogen receptor α (ER-α) and estrogen receptor β (ER-β) [86]. Specifically, ER-α primarily contributes to brain masculinization, while ER-β plays a major role in the defeminization of sexual behaviors [87]. The genes Esr1 and Esr2, encoding for ER-α and ER-β, respectively, are regulated by the DNA methylation of their promoters. Notably, the methylation of Esr1 and Esr2, under the influence of estradiol derived by the conversion of testosterone in neurons, differs between females and males during brain sexual differentiation [88,89]. The masculinization of neonatal females induced by the exposure to dihydrotestosterone and estradiol was accompanied by the downregulation of DNMT3a expression in the amygdala [90]. Perinatal testosterone exposure induced DNA methylation changes in adulthood, and methylation levels at a substantial number of sexually dimorphic CpG sites were masculinized [91]. A study conducted in male, female, and estradiol-treated masculinized female rat pups examined the activity and regulation of DNA methyltransferases (Dnmts) and the levels of DNA methylation in the development of the preoptic area (POA) [92]. The authors observed that males had lower Dnmt activity than female rats, that estradiol reduced Dnmt activity promoting the masculinization of POA, and that the maintenance of feminization required the maintenance of DNA methylation. This study suggested that brain feminization is not a passive process, but instead, brain feminization is maintained by the active suppression of masculinization via DNA methylation [92]. Interestingly, the authors observed that the deletion of Dnmt3a was sufficient to masculinize sexual behavior in female mice. Later investigations showed that males had a higher expression of Tet genes, which encode for enzymes involved in active DNA demethylation during neonatal life, and the testosterone treatment of females partially masculinized Tet expression [93]. On the other hand, Dnmt expression was similar between male and female rats, although females showed higher expression in POA on post-natal day 7 [93]. Moreover, by inhibiting DNA methylation, sex differences in the POA and bed nucleus of the stria terminalis (BNST) rat brain areas were eliminated [94]. It has also been observed that epigenetic mechanisms are important for the neuroendocrine control of puberty in females. A study performed in female rats showed that two genes, Eed and Cbx7, increased in the hypothalamus before puberty, and the inhibition of DNA methylation resulted in the failure of puberty [95]. So, DNA methylation changes mediate hormonal effects during puberty. In line with this, an investigation carried out in the blood of 325 individuals, including 140 females, at ages 10 and 18 years, showed that adolescent transition is associated with changes in DNA methylation levels at more than 15,000 CpG sites, the majority of which were associated with genes involved in the growth and development of the reproductive system [96]. Moreover, it has been observed that the chromatinic state in the female ventral hippocampus of mice fluctuated with the estrous cycle [97]. Particularly, changes in chromatin conformation occurred at the level of genes involved in neuronal function and behavior. Of note, a study performed in various central nervous system regions of mice, including hippocampus, cortex, cerebellum, brainstem, and retina, showed that components of the major histocompatibility complex I (MHCI) pathway changed during aging in a sex-specific manner, likely through epigenetic mechanisms [98]. Indeed, the expression of two genes encoding for MHCI receptors, namely, H2-K1 and H2-D1, undergoes CpG and non-CpG promoter methylation in the different brain regions investigated. Such DNA methylation changes correlated with age and differed between sexes showing a DNA methylation increase in female mice. It has also been reported that specific methylation levels of CpG and non-CpG sites in young and old mouse hippocampus undergo age-related increases or decreases that are predominantly sexually divergent, suggesting a regulation of brain DNA methylation with aging by sex [99]. Moreover, the authors also confirmed these results in humans by analyzing DNA methylome data from 19 hippocampal and 145 frontal cortexes of neurologically healthy individuals aged 13–95 [99].



Histone modifications have also been implicated in brain masculinization driven by hormones. For example, treatment with the HDAC inhibitor valproic acid counteracted the masculinization effect of testosterone in the mice BNST development [100]. It has also been observed that estradiol, derived from testosterone metabolized by aromatase, exerted its masculinizing effects on brain development through chromatin remodeling induced by its transcription factor estrogen receptor-α [101]. Moreover, the inhibition of histone acetylation in newborn male rats reduced male sexual behavior in adulthood [102]. These studies are only a few examples that suggest that chromatin remodeling is implicated in sexual dimorphism mediated by sexual hormones. Some of the epigenetic differences between females and males in brain physiology could be linked to XCI, and particularly to escape genes. Indeed, some of the escape genes encode for epigenetic regulators. For example, an escape gene is the KDM5C that encodes a histone demethylase whose depletion induces the upregulation of several genes, likely accounting for sex differences in intellectual disability [103,104]. Thus, the epigenetic differences between males and females could partially account for the sexual chromosomal constitution of the individuals.



Also, non-coding RNA expression in the brain shows sexual dimorphism [105]. An investigation performed in the hypothalamus of mice showed that neonatal miRNA patterns were different between females and males and were dynamically responsive to estrogen [106]. Particularly, 162 miRNAs with sex-biased expression were identified, 92 of which were estrogen-responsive. Moreover, deregulated miRNAs were involved in the expression of genes involved in the sexual differentiation of the brain, such as Esr1, Esr2, androgen receptor (Ar), and aromatase (Cyp19a1). Furthermore, many miRNAs exhibiting expression differences between males and females with neurodevelopmental roles have been detected in the embryonic mouse brain [107].



Epigenetic mechanisms have also been implied in the environmental-induced sex differences in brain characteristics. For example, male mice, but not female, exposed to chronic stress during gestation (such as exposure to constant light, exposure to fox odor, restraint stress, and multiple cage changes) showed maladaptive behavioral stress responsivity and depressive-like behavior, along with altered methylation and expression of two stress-related genes, namely, corticotropin-releasing factor (Crf) and glucocorticoid receptor (Nr3c1) in the hypothalamus and amygdala neurons [108]. Moreover, an increment in Bdnf gene methylation was detected in the hippocampus and peripheral blood of male mice but not in females exposed during pregnancy to BPA, along with neurobehavioral deficits [109]. The importance of epigenetic mechanisms in inducing sex-specific brain characteristics was also observed by the genome editing approach. The behavioral consequence of the epigenetic editing of the Cdk5 gene, which consisted of the histone acetylation of its promoter in the hippocampus, was investigated in female and male mice [110]. Targeting the histone acetylation of hippocampal Cdk5 promoter attenuated fear memory retrieval in female but not in male mice, suggesting a sex-specific mechanism underlying Cdk5 expression. Moreover, by overexpressing the long non-coding RNA FEDORA, in both neurons and oligodendrocytes of the prefrontal cortex, depression-like behavior abnormalities were induced in female mice but not in males, thus further corroborating the important role mediated by epigenetic mechanisms in sex-specific brain physiology [111]. These epigenome-editing studies suggest that the epigenetic modifications observed in males and females may drive brain alterations rather than merely being a consequence of them.



Such differences in sex-related epigenetic patterns of the central nervous system could account for differences in susceptibility, clinical presentation, and progression of neurological diseases in females and males. A study conducted in 1408 post-mortem brain samples identified thousands of differentially methylated CpG sites among females and males [112]. By analyzing the regulatory networks associated with the differentially methylated genes, it was observed that the majority of them are involved in psychiatric disorders, such as NRXN1, NRXN2, NRXN3, FDE4A, and SHANK2, thus suggesting that sex differential DNA methylation may underlie the sex-bias of these diseases. A whole-genome bisulfite sequencing was performed in the human dorsolateral prefrontal cortex from 20 prenatal samples during the second trimester in utero [44]. Authors found that the majority of CpG sites were methylated and increased with age, and that males tended to have higher methylation compared to females. The autosomal sex-related CpG sites were associated with genes involved in synaptic transmission, regulation of GTPase activity, and the glutamate receptor signaling pathway, and they were particularly enriched for autism spectrum disorder-associated genes. Also, the downregulation of a lncRNA named LINC00473, which is involved in neuronal function, was reported in the prefrontal cortex of women diagnosed with depression, while men with the same diagnosis showed LINC00473 expression levels comparable to those of male control subjects [111].




4. Epigenetic Differences Between Sexes in Neurodegenerative Diseases


4.1. Sex-Related Epigenetic Alterations in Alzheimer’s Disease


From a neuropathological point of view, Alzheimer’s disease (AD) is characterized by the extracellular accumulation of the amyloid β (Aβ) peptides, resulting from the processing of amyloid precursor protein (APP) and the presence of intraneuronal neurofibrillary tangles derived by the hyperphosphorylation of tau protein. In the predominant pathway, APP undergoes sequential cleavage by α-secretase, followed by γ-secretase, after which no toxic Aβ peptides are produced. In contrast, in the amyloidogenic pathway, APP is first cleaved by β-secretase, producing a soluble fragment that is then processed by γ-secretase to release the Aβ peptide [113]. Early-onset familial forms of AD (EOAD, onset before 65) derive from causative mutations in specific genes. Until now, pathogenic mutations in three genes, namely, APP, and PSEN1, and PSEN2 (which encode for subunits of γ-secretase), are frequently identified in EOAD patients. However, EOAD represents only a minority of AD cases, and most AD patients (>95% of cases) are the result of an interplay between predisposing genetic variants and environmental risk factors. In these sporadic forms of AD, the onset typically occurs after the age of 65 (LOAD, late-onset AD). In LOAD, several genetic variants have been associated with an increased risk of developing the disease [114]. However, the best characterized genetic variants associated with LOAD are the polymorphisms of the apolipoprotein E (APOE) gene. Particularly, there exist three isoforms of APOE, namely, APOEε2, APOEε3, and APOEε4. The APOEε4 allele increases the risk of developing AD, while the APOEε2 allele has been associated with decreased risk [115]. Interestingly, the APOE genotype exerts different effects on males and females in the risk of AD. Indeed, the APOEε4 confers a greater risk of developing the disease in women than men, and a recent meta-analysis including 27 independent research studies and nearly 58,000 participants revealed that this difference is particularly relevant in individuals aged 65–75 years and that women between ages 55–70 years had a higher risk of developing mild cognitive impairment, the prodromal stage of AD [116,117]. It has been suggested that the heightened risk in women may result from interactions between APOE and estrogen [118]. Several studies are pointing to the role of epigenetic mechanisms in AD, showing their potential role in the onset and progression of the disease and their potential use as peripheral biomarkers [119]. However, only a few studies have aimed at searching for specific epigenetic alterations in female and male subjects affected by AD. Following in this section is reported the main evidence of sex-specific epigenetic alterations in AD pathogenesis (Table 1).



In a study performed in 2006, the methylation levels of the APP promoter were analyzed in the cerebral cortex of adult and old mice part, of which were treated with sex hormones, including testosterone and estradiol, or subjected to gonadectomy [120]. The authors observed that APP promoter methylation increased in females and was sensitive to sex hormones. Particularly, testosterone decreased APP methylation in adult male and female mice and increased methylation in old male and female mice. Estradiol treatment increased APP methylation in adult and old male mice, while in females, it induced decreased methylation in adult mice and increased methylation in old mice. Moreover, a subsequent study identified hypomethylation of the Aurora Kinase C (AURKC) gene, which is involved in the mitosis process, in brain samples of AD patients compared to controls, but the difference was specific to male subjects [121]. By using publicly available DNA methylation data derived from various brain regions of healthy adult subjects and AD patients, some differentially methylated CpG sites between females and males have been observed [122]. However, the sex-dependent CpG sites were not significantly associated with AD. Two meta-analyses of genome-wide investigation studies performed in brain and blood, respectively, identified distinct sex-specific DNA methylation patterns related to AD [123,124]. In the meta-analysis performed by Zhang and collaborators, DNA methylation data at the genome-wide level from four independent cohorts were employed, including 1030 prefrontal cortex brain samples, of which 642 were from female subjects. The authors searched for associations between DNA methylation levels and the Braak stage, a widely used method to diagnose AD post-mortem, in females and males. Several CpG sites whose methylation correlated with the Braak stage in a sex-specific manner were identified. Gene ontology and pathway analysis identified the biological processes enriched with significant methylation changes in males and females. One of the top biological processes for females was the response to platelet-derived growth factor, while in males the dysregulation of the complement system. Of note, 14 identified CpG sites were not identified in previous genome-wide investigations, suggesting the importance of considering the sex of individuals to identify epigenetic alterations [123]. In a later meta-analysis, peripheral blood methylome data were obtained from two independent cohorts including 632 females (188 AD and 444 controls) and 652 males (239 AD and 413 controls). The altered methylation patterns of AD differed in females and males, revealing that sex-specific epigenetic schemes underlying AD are detectable also in peripheral tissues [124].



Also, sex-related differences in histone modifications have been identified in AD. Casciaro et al. investigated in the brain cortex of an AD mouse model (PSAPP) the genome-wide profiles of the histone marks H3K4me3, H3K27ac, and H3K27me3 [125]. The global distribution of H3K4me3 and H3K27me3 revealed alterations on the X chromosome that could distinguish between males and females, whereas the distribution of H3K27ac was more uniform across sexes. Histone modifications have also been investigated in the dorsal hippocampus of the senescence-accelerated mouse prone 8 (SAMP8), which is an animal model of late-onset AD, and of its mouse control (senescence-accelerated mouse resistant, SAMR1) characterized by normal aging [126]. The authors found a general reduction of H3K27me3 in SAMP8 mice and a specific reduction of histone 3 acetylation in SAMP8 male mice. Moreover, histone modifications occurred with an increase in histone deacetylase (HDAC2) and the mRNA of the histone demethylase Jumonji domain-containing protein-3 (Jmjd3) in SAMP8 mice compared to SAMR1. On the other hand, HDAC4 and Dnmt3a levels were lower in both male and female SAMP8 mice compared to SAMR1, while females exhibited a decrease in HDAC1 and an increase in Utx, the gene encoding a lysine demethylase [126].



Regarding non-coding RNA, altered sex-related lncRNAs expression was detected between males and females in the superior frontal gyrus of AD and control subjects [127]. Particularly, the authors found 13 sex-associated lncRNAs that were dysregulated in AD brains compared with normal brains. Moreover, the expression levels of the sex-associated lncRNAs RNF144A-AS1, LY86-AS1, and LINC00639 showed a negative correlation with the Braak stage of the patients. In a following study, linear and circular RNA variants of HOMER1 were found to be downregulated in the entorhinal cortex of female patients with AD compared to female control subjects, while no changes were observed in male individuals [128]. HOMER1 encodes for a protein involved in synaptic function and Aβ toxicity in the initial phases of AD [129], and levels of circular RNA derived by HOMER1 were previously found to be deregulated in AD brains [130]. In an attempt to unravel the role of vascular dysfunction in AD, the expression of miRNAs involved in vascular function and the regulation of amyloidosis was analyzed in brain vessel segments of AD mice [131]. The authors identified at least 20 cerebrovascular miRNAs dysregulated during the progression of the pathology, the majority of which were specifically altered in females or males. A recent meta-analysis was performed on six studies of microRNA expression in AD patients to identify sex-related alterations in miRNA expression [132]. Meta-analyses of miRNA expression profiles in blood samples revealed the alteration of 16 miRNAs in female and 22 miRNAs in male AD patients. Functional enrichment analysis revealed that the most affected processes were related to activities of kinase enzymes and apoptosis in males, and RNA metabolism in females. On the other hand, brain samples meta-analysis showed the dysregulation of six miRNAs in females and four miRNAs in males, and no sex-related biological process to those miRNAs was identified.
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	Experimental Model
	Epigenetic Target
	Observation
	Reference





	Cerebral cortex of female and male mice
	APP gene methylation
	APP promoter methylation was higher in female mice
	[120]



	Inferior temporal

gyrus samples from 30 AD and 30 controls (15 females and 15 males per group)
	DNA methylation at the genome-wide level and pyrosequencing of BRCA1, ZNF714, and AURKC genes
	Genome-wide analysis revealed hypomethylation of BRCA1 and AURKC and hypermethylation of ZNF714 in AD. Pyrosequencing analysis showed that AURKC hypomethylation was specific to male subjects
	[121]



	DNA methylome data from temporal, frontal, entorhinal cortex, and cerebellum derived by 15 datasets, including AD and control subjects
	DNA methylation at the genome-wide level
	DNA methylation differences between males and females were homogeneous in the four brain regions. Sex-related CpG sites were not associated with AD condition
	[122]



	Prefrontal cortex of 1030 individuals (642 females, 388 males)
	DNA methylation at the genome-wide level
	Already known AD-related genes neuropathology, such as MBP and AZU1, had sex-specificity. Moreover, fourteen new differentially methylated positions located in TMEM39A and TNXB were found
	[123]



	Peripheral blood of 632 females (188 AD and 444 controls) and 652 males (239 AD and 413 controls)
	DNA methylation at the genome-wide level
	Several sex-specific CpG methylation differences between AD and control subjects were identified. The most associated CpG sites with AD mapped to PRRC2A and RPS8 genes and were significant only in females
	[124]



	Brain cortexes of 5 female and 5 male

mice expressing

the mutated human APP and PSEN1 genes (PSAPP mice)
	Genome-wide profiles of H3K4me3, H3K27ac, and H3K27me3
	Sex differences were observed for X-chromosome H3K4me3 and H3K27me3
	[125]



	Dorsal hippocampus of female and male AD mice (senescence-accelerated

mouse prone 8, SAMP8) and control mice (senescence-accelerated mouse resistant, SAMR1)
	Global H3Ac, H4Ac, and H3K27me3. Gene expression of histone demethylases (including Jmjd3 and Utx) and methylases
	Global levels of H3Ac were decreased in male AD mice compared to male control mice. Gene expression of Utx and Jmjd3 were increased in AD and control females compared to AD and control males.
	[126]



	Expression profile of brain tissues derived by microarray datasets, including 27 females (13 AD and 14 controls) and 16 males (7 AD and 9 controls)
	LncRNA expression at the genome-wide level
	Expression levels of 13 sex-associated lncRNAs were dysregulated in AD brains. Three of them, including lncRNAs RNF144A-AS1, LY86-AS1, and LINC00639, decreased with the severity of the disease
	[127]



	Entorhinal cortex of 28 AD cases (18 females, 10 males) and 16 controls (6 females, 10 males)
	Three variants of lncRNA HOMER1
	Two HOMER1 variants were downregulated in female cases with respect to control cases. No differences were detected in male subjects
	[128]



	Brain vessel segments of 3xTg-AD mice chategorzied in 4 groups (3 females and 3 males per group) based on their disease stage: young, cognitive

impairment, presence of extracellular Aβ, and presence of Aβ

and neurofibrillary tangles
	Expression of 599 miRNAs involved in vascular function and regulation of amyloidosis
	Downregulated expression of twenty miRNAs indictaed transition from pre-AD to AD pathology. Ten of these miRNA were specifically altered during disease progression in males (miR-126-3p, miR-150, miR-151-5p, miR-23a, miR-34b-3p; let-7d, let-7i, miR-132, miR-181a, and miR-99a), and two in females (miR-150 and miR-539).
	[131]



	Meta-analysis of six miRNA expression studies in peripheral blood (two studies) and brain samples of AD patients (four studies)
	miRNA expression at the genome-wide level
	Peripheral blood alteration of 16 miRNAs in female (all miRNAs overexpressed) and 22 miRNAs in male (18 overesxpressed, 4 underexpressed) AD patients.

Brain analysis showed that five miRNAs were underexpressed (miR-767-5p, miR-668, miR-494, miR-653, miR-431-3p) and 1 miRNA overexpressed (miR-105-3p) in AD females compared to control females; regarding males, 2 miRNAs were overexpressed (miR-491-3p and miR-3149) and 2 miRNAs underexpressed (miR-767-5p and miR-7-5p) in AD patients compared to controls.
	[132]









4.2. Sex-Related Epigenetic Alterations in Parkinson’s Disease


Parkinson’s disease (PD), the second most prevalent neurodegenerative disorder after AD, is clinically defined by motor symptoms, including resting tremors and bradykinesia, as well as non-motor symptoms like cognitive impairment and dementia [133]. The brains of PD patients are marked by dopaminergic neuron death in the substantia nigra, along with the formation of intracytoplasmic inclusions known as Lewy bodies containing aggregates of α-synuclein. Most cases of PD are sporadic, with Mendelian forms accounting for only 5–15% of cases. The SNCA gene, which encodes the α-synuclein, was the first gene identified as causing autosomal dominant PD. To date, in addition to SNCA over 20 genes, such as LRRK2, CHCHD2, PRKN, and PINK1, have been associated with monogenic forms of PD [134]. Several common genetic variants with small effect sizes have been associated with sporadic forms of PD [135]. Interestingly, a recent GWAS study in the Korean population identified a polymorphism of the LRRK2 gene that was associated with an increased risk of PD in females but not in males [136]. Otherwise, a polymorphism of the PARK16 gene was associated with an increased risk of PD only in male subjects. Several reports highlight that epigenetic mechanisms may play a pivotal role in the etiology of PD, although the role of sex has been often overlooked [137]. Following is reported some evidence that epigenetic mechanisms are altered in PD in a sex-specific manner (summarized in Table 2).



By investigating the epigenetic effects of PD induced by treatment with the pesticide dieldrin, sex-related CpGs methylation alterations were identified in the substantia nigra of treated mice [77]. DNA methylation alterations were observed in several genes related to dopaminergic neuron development and maintenance, including Nr4a2 and Lmx1b genes. In a later study, it was observed that such sex-specific DNA methylation changes were detectable at multiple time points, from birth to adulthood [78]. These findings suggest that males and females exhibit distinct epigenetic responses to PD-related exposures. Additionally, neurodevelopmental exposure may trigger epigenetic changes that persist beyond the exposure period, affecting critical pathways and contributing to the development of PD in adulthood. The same research group investigated the genome-wide DNA methylation levels of the parietal cortex sampled from PD and control subjects [138]. This study showed that DNA methylation changes in PD brain samples differed between sexes. Some of the genes identified are known to be associated with PD, such as DJ-1, VGLUT2, IA-2β, and NURR1, but not-previously PD-related genes involved in neurodevelopment and neurotransmission with sex-specific methylation patterns were also identified.



In addition to sex-related DNA methylation alterations, differential ncRNA expression in females and males has also been detected in PD patients. In a study performed in dopamine neurons of PD and control subjects, it was observed that miRNAs were dysregulated [139]. Their expression differed between females and males, showing a tendency for a higher number of upregulated miRNAs in males, the majority of which were involved in synaptic transmission and apoptosis. In a subsequent study, the expression profiles of the microRNA29 family (miR-29s) were evaluated in blood serum from patients with PD and healthy controls [140]. It was found that serum miR-29s levels were significantly downregulated in PD patients compared to control subjects and that they were markedly higher in females compared to male PD patients. Another study evaluated the expression levels of miR-132, which is known to be altered in the brain of PD animal models, in plasma samples of PD patients, control subjects, and individuals with various non-PD neurological disorders (NDCs) [141]. Considering both sexes, the miR-132 expression levels were significantly higher in PD than in NDC and control subjects. When considering the sex of the subjects, PD had higher plasma levels of miR-132 compared to the control subjects, but not with NDC in male subjects, while no significant difference was evident in females. In a more recent study, the expression of specific miRNAs was evaluated in serum samples of female and male PD subjects [142]. The authors observed that one miRNA involved in neurogenesis and neuronal death, the miR-34a-5p, increased in PD male patients and decreased in females, while the miR-146a-5p, which is involved in inflammatory responses, increased in females and decreased in males. Also, disease duration significantly correlated with the expression of miR-146a-5p. Moreover, the expression of a lncRNA, named LINC01259, was downregulated in the peripheral blood of male PD subjects when compared to control males, and no differences in female subjects were observed [143].




4.3. Sex-Related Epigenetic Alterations in Amyotrophic Lateral Sclerosis


Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron disease, in which motor neurons in the brain and spinal cord degenerate progressively. Genetic factors play a crucial role in ALS, with around 10–15% of cases classified as familial ALS. The remaining cases, known as sporadic ALS, do not have a clear link to inherited genetic mutations. However, common variants in known familial ALS-related genes, such as SOD1, FUS, TARDBP, and C9ORF72, can also be identified in sporadic cases [144]. In recent years, growing evidence has highlighted the involvement of epigenetic mechanisms in the etiology of ALS [145]. However, as with AD and PD, the role of sex in ALS-related epigenetic alterations has been rarely explored (summarized in Table 3).



A recent study that evaluated DNA methylation levels to measure the epigenetic age acceleration in the peripheral blood of ALS patients and control subjects considered the effect of sex [146]. The authors found that the epigenetic age acceleration associated with ALS status occurred independently of the sex of the subjects. However, a significant association between age acceleration and survival was detected in males but not in females [146]. A recent pre-print article showing a blood-based epigenome-wide association study meta-analysis in 9274 individuals (5529 males and 3975 females) including ALS and control subjects has been published [147]. A total of 226 ALS sex-associated CpG sites located in more than 150 genes were identified. Moreover, two ALS sex-associated differentially methylated positions (cg14380013 and cg06729676), which were significantly associated with survival, were detected. Specifically, cg14380013 is located in the UNC119B gene, which encodes for a transport factor that plays a role in the pathogenesis of ALS, and cg06729676 is located in the NF1 gene [147]. These studies highlight that DNA methylation changes in ALS could be sex-specific, and some of them could also provide information on the estimated survival of the patients.



There has also been reported deregulation of ncRNA expression between female and male ALS patients. The expression levels of eleven miRNAs, selected based on previous investigations conducted in skeletal muscle and plasma samples from an ALS mouse model, were analyzed in serum samples from human ALS patients and control subjects [148]. It was found that the expression of two miRNAs, miR-206 and miR-106b, was increased in ALS patients compared to controls. In the sex-stratified analysis, the authors observed that female patients had significant upregulation of miR-206, miR-133b, and miR-145 compared to control females. On the other hand, male patients showed higher expression of mi-R206 compared to control males, although the difference was not statistically significant. In a subsequent study, the expression levels of nine miRNAs involved in the regulation of muscle cells and inflammatory/angiogenic processes were investigated in the muscle tissue of 13 sporadic ALS patients [149]. Except for 1 miRNA, the other 12 miRNAs investigated were overexpressed in ALS patients compared to controls and in male patients compared to females. More recently, a study performed in the prefrontal cortex of 51 sporadic ALS and 50 control individuals showed that male ALS patients were characterized by a more profound deregulated expression of miRNA compared to females [150]. Indeed, 17 differentially expressed miRNAs were detected in males, while 9 in females. Moreover, males showed higher deregulation of hairpin miRNAs, which are the precursors of mature miRNAs, compared to females, thus suggesting potential defects in miRNA biogenesis as an early disease mechanism. The authors also highlighted that the mitogen-activated protein kinase (MAPK) pathway is altered early and demonstrated that trametinib, a MAPK inhibitor, has potential therapeutic benefits in vitro and in vivo, particularly in females [150].





5. Conclusions


In the present review, an overview of the main findings regarding sex-related epigenetic modifications in neurodegenerative diseases is reported. Epigenetic mechanisms are involved in human diseases, and an increasing number of epigenetic biomarkers are being identified for diagnosis, prognosis, and the discovery of therapeutic targets across a wide range of human pathologies, including neurodegenerative diseases [151]. Given the substantial differences in age of onset, prognosis, and duration of neurodegenerative diseases between females and males, the identification of sex-specific biomarkers is essential. In this context, epigenetic biomarkers could provide valuable insights, as they play a role in sexual differentiation and may potentially contribute to the sex-dependent development of these diseases. Epigenetic biomarkers change in a sex-dependent manner during aging, which is the main risk factor for neurodegenerative diseases. Further, evidence of sex-specific environmental effects on epigenome has been reported, and it is well known that environmental factors play a central role in the etiology of neurodegenerative diseases [152]. A better understanding of the sex-related epigenetic alterations could provide insights into molecular pathways relevant to clinical presentation and disease courses specific for females and males. Moreover, new sex-specific biomarkers for these conditions could be identified, improving diagnostic accuracy and prognostic evaluations. This understanding could guide the creation of therapies tailored to each sex, potentially improving treatment outcomes. Indeed, sex-specific analyses are infrequently conducted during the clinical trial phases for neurodegenerative diseases, and the significance of recognizing sex as a key factor influencing patient responses to treatments has largely been overlooked [153]. The difficulty in identifying new therapeutic strategies for the treatment of these diseases could be biased by the effects of sex, which could act as a confounding factor in the evaluation of the results. Moreover, it is also known that treatments for neurodegenerative diseases could have beneficial effects only in females or in males, so the mechanisms underlying this sex discrepancy need to be evaluated [154,155,156].



Given the growing importance of precision medicine in the treatment of human diseases, a deeper understanding of sex-specific epigenetic mechanisms is highly relevant for neurodegenerative diseases. The studies reported in the current review highlight the presence of sex-related epigenetic modifications in neurodegenerative diseases. However, the number of studies investigating this issue remains limited, making it difficult to draw definitive conclusions about their potential use in clinical practices. There are also significant limitations in the studies performed until now, particularly concerning the sample sizes of patient cohorts, which, in some cases, compromise the reliability of the findings. Future studies aimed at investigating the sex differences in epigenetic patterns should be designed by including an adequate sample size to enable analyses with sufficient statistical power. Moreover, longitudinal studies are needed to evaluate if sex-related epigenetic differences are a consequence of the disease or emerge before the symptoms.



Another limitation of the current literature is that epigenetic mechanisms are evaluated individually across different studies, despite their interactions with one another. For instance, lncRNAs regulate chromatin architecture by recruiting writers and erasers of DNA methylation and histone modifications [21]. Similarly, the methylation of genes encoding ncRNAs, along with the modification of their associated histones, can influence the expression of miRNAs and lncRNAs [157,158,159]. Given the sex-specific nature of epigenetic mechanisms, it is plausible that their interactions may also differ between females and males, leading to distinct effects in the central nervous system. A deeper understanding of these sex-specific interactions is, therefore, essential to better elucidate the role of sex-related epigenetic mechanisms in neurodegenerative diseases.



In conclusion, this review underscores the importance of considering sex differences in the investigation of epigenetic alterations associated with neurodegenerative diseases. A more in-depth understanding of these differences will inevitably improve our comprehension of the etiology of neurodegenerative diseases, enabling the identification of more precise biomarkers with clinical utility for diagnosis and prognosis, as well as the discovery of new therapeutic targets tailored to each individual.







Funding


This research was funded by the Ricerca Finalizzata (GR-2021-12374436), Italian Ministry of Health.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The author declares no conflicts of interest.




References


	



World Health Organization. Risk Reduction of Cognitive Decline and Dementia: WHO Guidelines; World Health Organization: Geneva, Switzerland, 2019; ISBN 9789241550543. [Google Scholar]

	



Dorsey, E.R.; Sherer, T.; Okun, M.S.; Bloem, B.R. The Emerging Evidence of the Parkinson Pandemic. J. Park. Dis. 2018, 8, S3–S8. [Google Scholar] [CrossRef] [PubMed]

	



Longinetti, E.; Fang, F. Epidemiology of Amyotrophic Lateral Sclerosis: An Update of Recent Literature. Curr. Opin. Neurol. 2019, 32, 771–776. [Google Scholar] [CrossRef] [PubMed]

	



Bianco, A.; Antonacci, Y.; Liguori, M. Sex and Gender Differences in Neurodegenerative Diseases: Challenges for Therapeutic Opportunities. Int. J. Mol. Sci. 2023, 24, 6354. [Google Scholar] [CrossRef] [PubMed]

	



Alzheimer’s Association. 2020 Alzheimer’s Disease Facts and Figures. Alzheimers Dement. 2020, 16, 391–460. [Google Scholar] [CrossRef]

	



Ardekani, B.A.; Convit, A.; Bachman, A.H. Analysis of the MIRIAD Data Shows Sex Differences in Hippocampal Atrophy Progression. J. Alzheimers Dis. 2016, 50, 847–857. [Google Scholar] [CrossRef]

	



Filon, J.R.; Intorcia, A.J.; Sue, L.I.; Vazquez Arreola, E.; Wilson, J.; Davis, K.J.; Sabbagh, M.N.; Belden, C.M.; Caselli, R.J.; Adler, C.H.; et al. Gender Differences in Alzheimer Disease: Brain Atrophy, Histopathology Burden, and Cognition. J. Neuropathol. Exp. Neurol. 2016, 75, 748–754. [Google Scholar] [CrossRef]

	



Cerri, S.; Mus, L.; Blandini, F. Parkinson’s Disease in Women and Men: What’s the Difference? J. Park. Dis. 2019, 9, 501–515. [Google Scholar] [CrossRef]

	



Georgiev, D.; Hamberg, K.; Hariz, M.; Forsgren, L.; Hariz, G.-M. Gender Differences in Parkinson’s Disease: A Clinical Perspective. Acta Neurol. Scand. 2017, 136, 570–584. [Google Scholar] [CrossRef]

	



Zamani, A.; Thomas, E.; Wright, D.K. Sex Biology in Amyotrophic Lateral Sclerosis. Ageing Res. Rev. 2024, 95, 102228. [Google Scholar] [CrossRef]

	



Voskuhl, R.; Itoh, Y. The X Factor in Neurodegeneration. J. Exp. Med. 2022, 219, e20211488. [Google Scholar] [CrossRef]

	



Vegeto, E.; Villa, A.; Della Torre, S.; Crippa, V.; Rusmini, P.; Cristofani, R.; Galbiati, M.; Maggi, A.; Poletti, A. The Role of Sex and Sex Hormones in Neurodegenerative Diseases. Endocr. Rev. 2020, 41, 273–319. [Google Scholar] [CrossRef] [PubMed]

	



Stoccoro, A.; Coppedè, F. Exposure to Metals, Pesticides, and Air Pollutants: Focus on Resulting DNA Methylation Changes in Neurodegenerative Diseases. Biomolecules 2024, 14, 1366. [Google Scholar] [CrossRef] [PubMed]

	



Migliore, L.; Nicolì, V.; Stoccoro, A. Gender Specific Differences in Disease Susceptibility: The Role of Epigenetics. Biomedicines 2021, 9, 652. [Google Scholar] [CrossRef] [PubMed]

	



Al Aboud, N.M.; Tupper, C.; Jialal, I. Genetics, Epigenetic Mechanism; StatPearls: Treasure Island, FL, USA, 2024. [Google Scholar]

	



Wang, Q.; Xiong, F.; Wu, G.; Liu, W.; Chen, J.; Wang, B.; Chen, Y. Gene Body Methylation in Cancer: Molecular Mechanisms and Clinical Applications. Clin. Epigenetics 2022, 14, 154. [Google Scholar] [CrossRef]

	



Zhang, Y.; Sun, Z.; Jia, J.; Du, T.; Zhang, N.; Tang, Y.; Fang, Y.; Fang, D. Overview of Histone Modification. Adv. Exp. Med. Biol. 2021, 1283, 1–16. [Google Scholar] [CrossRef]

	



Biswas, S.; Rao, C.M. Epigenetic Tools (The Writers, The Readers and The Erasers) and Their Implications in Cancer Therapy. Eur. J. Pharmacol. 2018, 837, 8–24. [Google Scholar] [CrossRef]

	



Hombach, S.; Kretz, M. Non-Coding RNAs: Classification, Biology and Functioning. Adv. Exp. Med. Biol. 2016, 937, 3–17. [Google Scholar] [CrossRef]

	



Yao, Q.; Chen, Y.; Zhou, X. The Roles of MicroRNAs in Epigenetic Regulation. Curr. Opin. Chem. Biol. 2019, 51, 11–17. [Google Scholar] [CrossRef]

	



Mattick, J.S.; Amaral, P.P.; Carninci, P.; Carpenter, S.; Chang, H.Y.; Chen, L.-L.; Chen, R.; Dean, C.; Dinger, M.E.; Fitzgerald, K.A.; et al. Long Non-Coding RNAs: Definitions, Functions, Challenges and Recommendations. Nat. Rev. Mol. Cell Biol. 2023, 24, 430–447. [Google Scholar] [CrossRef]

	



Kumar, C.; Roy, J.K. Decoding the Epigenetic Mechanism of Mammalian Sex Determination. Exp. Cell Res. 2024, 439, 114011. [Google Scholar] [CrossRef]

	



Nishino, K.; Hattori, N.; Tanaka, S.; Shiota, K. DNA Methylation-Mediated Control of Sry Gene Expression in Mouse Gonadal Development. J. Biol. Chem. 2004, 279, 22306–22313. [Google Scholar] [CrossRef] [PubMed]

	



Stévant, I.; Neirijnck, Y.; Borel, C.; Escoffier, J.; Smith, L.B.; Antonarakis, S.E.; Dermitzakis, E.T.; Nef, S. Deciphering Cell Lineage Specification during Male Sex Determination with Single-Cell RNA Sequencing. Cell Rep. 2018, 22, 1589–1599. [Google Scholar] [CrossRef] [PubMed]

	



Kuroki, S.; Matoba, S.; Akiyoshi, M.; Matsumura, Y.; Miyachi, H.; Mise, N.; Abe, K.; Ogura, A.; Wilhelm, D.; Koopman, P.; et al. Epigenetic Regulation of Mouse Sex Determination by the Histone Demethylase Jmjd1a. Science 2013, 341, 1106–1109. [Google Scholar] [CrossRef] [PubMed]

	



Sekido, R. The Potential Role of SRY in Epigenetic Gene Regulation during Brain Sexual Differentiation in Mammals. Adv. Genet. 2014, 86, 135–165. [Google Scholar] [CrossRef]

	



Daswani, R.; Gilardi, C.; Soutschek, M.; Nanda, P.; Weiss, K.; Bicker, S.; Fiore, R.; Dieterich, C.; Germain, P.-L.; Winterer, J.; et al. MicroRNA-138 Controls Hippocampal Interneuron Function and Short-Term Memory in Mice. eLife 2022, 11, e74056. [Google Scholar] [CrossRef]

	



Granados-Riveron, J.T.; Aquino-Jarquin, G. Does the Linear Sry Transcript Function as a CeRNA for MiR-138? The Sense of Antisense. F1000Research 2014, 3, 90. [Google Scholar] [CrossRef]

	



Fang, H.; Disteche, C.M.; Berletch, J.B. X Inactivation and Escape: Epigenetic and Structural Features. Front. Cell Dev. Biol. 2019, 7, 219. [Google Scholar] [CrossRef]

	



Berletch, J.B.; Yang, F.; Xu, J.; Carrel, L.; Disteche, C.M. Genes That Escape from X Inactivation. Hum. Genet. 2011, 130, 237–245. [Google Scholar] [CrossRef]

	



Navarro-Cobos, M.J.; Balaton, B.P.; Brown, C.J. Genes That Escape from X-Chromosome Inactivation: Potential Contributors to Klinefelter Syndrome. Am. J. Med. Genet. C Semin. Med. Genet. 2020, 184, 226–238. [Google Scholar] [CrossRef]

	



Angum, F.; Khan, T.; Kaler, J.; Siddiqui, L.; Hussain, A. The Prevalence of Autoimmune Disorders in Women: A Narrative Review. Cureus 2020, 12, e8094. [Google Scholar] [CrossRef]

	



Harris, V.M.; Sharma, R.; Cavett, J.; Kurien, B.T.; Liu, K.; Koelsch, K.A.; Rasmussen, A.; Radfar, L.; Lewis, D.; Stone, D.U.; et al. Klinefelter’s Syndrome (47,XXY) Is in Excess among Men with Sjögren’s Syndrome. Clin. Immunol. 2016, 168, 25–29. [Google Scholar] [CrossRef] [PubMed]

	



Cooney, C.M.; Bruner, G.R.; Aberle, T.; Namjou-Khales, B.; Myers, L.K.; Feo, L.; Li, S.; D’Souza, A.; Ramirez, A.; Harley, J.B.; et al. 46,X,Del(X)(Q13) Turner’s Syndrome Women with Systemic Lupus Erythematosus in a Pedigree Multiplex for SLE. Genes Immun. 2009, 10, 478–481. [Google Scholar] [CrossRef]

	



Boks, M.P.; Derks, E.M.; Weisenberger, D.J.; Strengman, E.; Janson, E.; Sommer, I.E.; Kahn, R.S.; Ophoff, R.A. The Relationship of DNA Methylation with Age, Gender and Genotype in Twins and Healthy Controls. PLoS ONE 2009, 4, e6767. [Google Scholar] [CrossRef] [PubMed]

	



El-Maarri, O.; Becker, T.; Junen, J.; Manzoor, S.S.; Diaz-Lacava, A.; Schwaab, R.; Wienker, T.; Oldenburg, J. Gender Specific Differences in Levels of DNA Methylation at Selected Loci from Human Total Blood: A Tendency toward Higher Methylation Levels in Males. Hum. Genet. 2007, 122, 505–514. [Google Scholar] [CrossRef] [PubMed]

	



Inoshita, M.; Numata, S.; Tajima, A.; Kinoshita, M.; Umehara, H.; Yamamori, H.; Hashimoto, R.; Imoto, I.; Ohmori, T. Sex Differences of Leukocytes DNA Methylation Adjusted for Estimated Cellular Proportions. Biol. Sex Differ. 2015, 6, 11. [Google Scholar] [CrossRef] [PubMed]

	



Yousefi, P.; Huen, K.; Davé, V.; Barcellos, L.; Eskenazi, B.; Holland, N. Sex Differences in DNA Methylation Assessed by 450 K BeadChip in Newborns. BMC Genom. 2015, 16, 911. [Google Scholar] [CrossRef]

	



Singmann, P.; Shem-Tov, D.; Wahl, S.; Grallert, H.; Fiorito, G.; Shin, S.-Y.; Schramm, K.; Wolf, P.; Kunze, S.; Baran, Y.; et al. Characterization of Whole-Genome Autosomal Differences of DNA Methylation between Men and Women. Epigenetics Chromatin 2015, 8, 43. [Google Scholar] [CrossRef]

	



Grant, O.A.; Wang, Y.; Kumari, M.; Zabet, N.R.; Schalkwyk, L. Characterising Sex Differences of Autosomal DNA Methylation in Whole Blood Using the Illumina EPIC Array. Clin. Epigenetics 2022, 14, 62. [Google Scholar] [CrossRef]

	



García-Calzón, S.; Perfilyev, A.; de Mello, V.D.; Pihlajamäki, J.; Ling, C. Sex Differences in the Methylome and Transcriptome of the Human Liver and Circulating HDL-Cholesterol Levels. J. Clin. Endocrinol. Metab. 2018, 103, 4395–4408. [Google Scholar] [CrossRef]

	



Chang, E.; Varghese, M.; Singer, K. Gender and Sex Differences in Adipose Tissue. Curr. Diabetes Rep. 2018, 18, 69. [Google Scholar] [CrossRef]

	



Landen, S.; Jacques, M.; Hiam, D.; Alvarez-Romero, J.; Harvey, N.R.; Haupt, L.M.; Griffiths, L.R.; Ashton, K.J.; Lamon, S.; Voisin, S.; et al. Skeletal Muscle Methylome and Transcriptome Integration Reveals Profound Sex Differences Related to Muscle Function and Substrate Metabolism. Clin. Epigenetics 2021, 13, 202. [Google Scholar] [CrossRef] [PubMed]

	



Perzel Mandell, K.A.; Price, A.J.; Wilton, R.; Collado-Torres, L.; Tao, R.; Eagles, N.J.; Szalay, A.S.; Hyde, T.M.; Weinberger, D.R.; Kleinman, J.E.; et al. Characterizing the Dynamic and Functional DNA Methylation Landscape in the Developing Human Cortex. Epigenetics 2021, 16, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Spiers, H.; Hannon, E.; Schalkwyk, L.C.; Smith, R.; Wong, C.C.Y.; O’Donovan, M.C.; Bray, N.J.; Mill, J. Methylomic Trajectories across Human Fetal Brain Development. Genome Res. 2015, 25, 338–352. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Wang, F.; Liu, Y.; Yu, Y.; Gelernter, J.; Zhang, H. Sex-Biased Methylome and Transcriptome in Human Prefrontal Cortex. Hum. Mol. Genet. 2014, 23, 1260–1270. [Google Scholar] [CrossRef]

	



McCarthy, N.S.; Melton, P.E.; Cadby, G.; Yazar, S.; Franchina, M.; Moses, E.K.; Mackey, D.A.; Hewitt, A.W. Meta-Analysis of Human Methylation Data for Evidence of Sex-Specific Autosomal Patterns. BMC Genom. 2014, 15, 981. [Google Scholar] [CrossRef]

	



Yusipov, I.; Bacalini, M.G.; Kalyakulina, A.; Krivonosov, M.; Pirazzini, C.; Gensous, N.; Ravaioli, F.; Milazzo, M.; Giuliani, C.; Vedunova, M.; et al. Age-Related DNA Methylation Changes Are Sex-Specific: A Comprehensive Assessment. Aging 2020, 12, 24057–24080. [Google Scholar] [CrossRef]

	



McCartney, D.L.; Zhang, F.; Hillary, R.F.; Zhang, Q.; Stevenson, A.J.; Walker, R.M.; Bermingham, M.L.; Boutin, T.; Morris, S.W.; Campbell, A.; et al. An Epigenome-Wide Association Study of Sex-Specific Chronological Ageing. Genome Med. 2019, 12, 1. [Google Scholar] [CrossRef]

	



Horvath, S. DNA Methylation Age of Human Tissues and Cell Types. Genome Biol. 2013, 14, R115. [Google Scholar] [CrossRef]

	



Fransquet, P.D.; Wrigglesworth, J.; Woods, R.L.; Ernst, M.E.; Ryan, J. The Epigenetic Clock as a Predictor of Disease and Mortality Risk: A Systematic Review and Meta-Analysis. Clin. Epigenetics 2019, 11, 62. [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]

	



Horvath, S.; Pirazzini, C.; Bacalini, M.G.; Gentilini, D.; Di Blasio, A.M.; Delledonne, M.; Mari, D.; Arosio, B.; Monti, D.; Passarino, G.; et al. Decreased Epigenetic Age of PBMCs from Italian Semi-Supercentenarians and Their Offspring. Aging 2015, 7, 1159–1170. [Google Scholar] [CrossRef]

	



Fahy, G.M.; Brooke, R.T.; Watson, J.P.; Good, Z.; Vasanawala, S.S.; Maecker, H.; Leipold, M.D.; Lin, D.T.S.; Kobor, M.S.; Horvath, S. Reversal of Epigenetic Aging and Immunosenescent Trends in Humans. Aging Cell 2019, 18, e13028. [Google Scholar] [CrossRef]

	



Horvath, S.; Gurven, M.; Levine, M.E.; Trumble, B.C.; Kaplan, H.; Allayee, H.; Ritz, B.R.; Chen, B.; Lu, A.T.; Rickabaugh, T.M.; et al. An Epigenetic Clock Analysis of Race/Ethnicity, Sex, and Coronary Heart Disease. Genome Biol. 2016, 17, 171. [Google Scholar] [CrossRef]

	



Kankaanpää, A.; Tolvanen, A.; Saikkonen, P.; Heikkinen, A.; Laakkonen, E.K.; Kaprio, J.; Ollikainen, M.; Sillanpää, E. Do Epigenetic Clocks Provide Explanations for Sex Differences in Life Span? A Cross-Sectional Twin Study. J. Gerontol. A Biol. Sci. Med. Sci. 2022, 77, 1898–1906. [Google Scholar] [CrossRef]

	



Li, X.; Ploner, A.; Wang, Y.; Magnusson, P.K.; Reynolds, C.; Finkel, D.; Pedersen, N.L.; Jylhävä, J.; Hägg, S. Longitudinal Trajectories, Correlations and Mortality Associations of Nine Biological Ages across 20-Years Follow-Up. eLife 2020, 9, e51507. [Google Scholar] [CrossRef]

	



Levine, M.E.; Lu, A.T.; Chen, B.H.; Hernandez, D.G.; Singleton, A.B.; Ferrucci, L.; Bandinelli, S.; Salfati, E.; Manson, J.E.; Quach, A.; et al. Menopause Accelerates Biological Aging. Proc. Natl. Acad. Sci. USA 2016, 113, 9327–9332. [Google Scholar] [CrossRef]

	



Sugrue, V.J.; Zoller, J.A.; Narayan, P.; Lu, A.T.; Ortega-Recalde, O.J.; Grant, M.J.; Bawden, C.S.; Rudiger, S.R.; Haghani, A.; Bond, D.M.; et al. Castration Delays Epigenetic Aging and Feminizes DNA Methylation at Androgen-Regulated Loci. eLife 2021, 10, e64932. [Google Scholar] [CrossRef]

	



Tsai, H.-W.; Grant, P.A.; Rissman, E.F. Sex Differences in Histone Modifications in the Neonatal Mouse Brain. Epigenetics 2009, 4, 47–53. [Google Scholar] [CrossRef]

	



Shen, E.Y.; Ahern, T.H.; Cheung, I.; Straubhaar, J.; Dincer, A.; Houston, I.; de Vries, G.J.; Akbarian, S.; Forger, N.G. Epigenetics and Sex Differences in the Brain: A Genome-Wide Comparison of Histone-3 Lysine-4 Trimethylation (H3K4me3) in Male and Female Mice. Exp. Neurol. 2015, 268, 21–29. [Google Scholar] [CrossRef]

	



Goldfarb, C.N.; Waxman, D.J. Global Analysis of Expression, Maturation and Subcellular Localization of Mouse Liver Transcriptome Identifies Novel Sex-Biased and TCPOBOP-Responsive Long Non-Coding RNAs. BMC Genom. 2021, 22, 212. [Google Scholar] [CrossRef]

	



López-Royo, T.; Moreno-Martínez, L.; Moreno-García, L.; Calvo, A.C.; Manzano, R.; Osta, R. Sex Differences on Constitutive Long Non-Coding RNA Expression: Modulatory Effect of Estradiol and Testosterone in Muscle Cells. Andrology 2024, 12, 1887–1896. [Google Scholar] [CrossRef] [PubMed]

	



Matarrese, P.; Tieri, P.; Anticoli, S.; Ascione, B.; Conte, M.; Franceschi, C.; Malorni, W.; Salvioli, S.; Ruggieri, A. X-Chromosome-Linked MiR548am-5p Is a Key Regulator of Sex Disparity in the Susceptibility to Mitochondria-Mediated Apoptosis. Cell Death Dis. 2019, 10, 673. [Google Scholar] [CrossRef] [PubMed]

	



Ikeda, K.; Horie-Inoue, K.; Inoue, S. Identification of Estrogen-Responsive Genes Based on the DNA Binding Properties of Estrogen Receptors Using High-Throughput Sequencing Technology. Acta Pharmacol. Sin. 2015, 36, 24–31. [Google Scholar] [CrossRef] [PubMed]

	



Baumbach, J.L.; Zovkic, I.B. Hormone-Epigenome Interactions in Behavioural Regulation. Horm. Behav. 2020, 118, 104680. [Google Scholar] [CrossRef]

	



Yamagata, Y.; Asada, H.; Tamura, I.; Lee, L.; Maekawa, R.; Taniguchi, K.; Taketani, T.; Matsuoka, A.; Tamura, H.; Sugino, N. DNA Methyltransferase Expression in the Human Endometrium: Down-Regulation by Progesterone and Estrogen. Hum. Reprod. 2009, 24, 1126–1132. [Google Scholar] [CrossRef]

	



Zhao, Z.; Fan, L.; Frick, K.M. Epigenetic Alterations Regulate Estradiol-Induced Enhancement of Memory Consolidation. Proc. Natl. Acad. Sci. USA 2010, 107, 5605–5610. [Google Scholar] [CrossRef]

	



Hegde, M.; Joshi, M.B. Comprehensive Analysis of Regulation of DNA Methyltransferase Isoforms in Human Breast Tumors. J. Cancer Res. Clin. Oncol. 2021, 147, 937–971. [Google Scholar] [CrossRef]

	



Kovács, T.; Szabó-Meleg, E.; Ábrahám, I.M. Estradiol-Induced Epigenetically Mediated Mechanisms and Regulation of Gene Expression. Int. J. Mol. Sci. 2020, 21, 3177. [Google Scholar] [CrossRef]

	



Bhan, A.; Hussain, I.; Ansari, K.I.; Bobzean, S.A.M.; Perrotti, L.I.; Mandal, S.S. Histone Methyltransferase EZH2 Is Transcriptionally Induced by Estradiol as Well as Estrogenic Endocrine Disruptors Bisphenol-A and Diethylstilbestrol. J. Mol. Biol. 2014, 426, 3426–3441. [Google Scholar] [CrossRef]

	



Marsit, C.J. Influence of Environmental Exposure on Human Epigenetic Regulation. J. Exp. Biol. 2015, 218, 71–79. [Google Scholar] [CrossRef]

	



Ho, S.-M.; Johnson, A.; Tarapore, P.; Janakiram, V.; Zhang, X.; Leung, Y.-K. Environmental Epigenetics and Its Implication on Disease Risk and Health Outcomes. ILAR J. 2012, 53, 289–305. [Google Scholar] [CrossRef]

	



Dieckmann, L.; Czamara, D. Epigenetics of Prenatal Stress in Humans: The Current Research Landscape. Clin. Epigenetics 2024, 16, 20. [Google Scholar] [CrossRef]

	



Wu, J.; Basha, M.d.R.; Brock, B.; Cox, D.P.; Cardozo-Pelaez, F.; McPherson, C.A.; Harry, J.; Rice, D.C.; Maloney, B.; Chen, D.; et al. Alzheimer’s Disease (AD)-Like Pathology in Aged Monkeys after Infantile Exposure to Environmental Metal Lead (Pb): Evidence for a Developmental Origin and Environmental Link for AD. J. Neurosci. 2008, 28, 3–9. [Google Scholar] [CrossRef]

	



Bihaqi, S.W.; Huang, H.; Wu, J.; Zawia, N.H. Infant Exposure to Lead (Pb) and Epigenetic Modifications in the Aging Primate Brain: Implications for Alzheimer’s Disease. J. Alzheimers Dis. 2011, 27, 819–833. [Google Scholar] [CrossRef]

	



Kochmanski, J.; VanOeveren, S.E.; Patterson, J.R.; Bernstein, A.I. Developmental Dieldrin Exposure Alters DNA Methylation at Genes Related to Dopaminergic Neuron Development and Parkinson’s Disease in Mouse Midbrain. Toxicol. Sci. 2019, 169, 593–607. [Google Scholar] [CrossRef]

	



Kochmanski, J.; Virani, M.; Kuhn, N.C.; Boyd, S.L.; Becker, K.; Adams, M.; Bernstein, A.I. Developmental Origins of Parkinson’s Disease Risk: Perinatal Exposure to the Organochlorine Pesticide Dieldrin Leads to Sex-Specific DNA Modifications in Critical Neurodevelopmental Pathways in the Mouse Midbrain. Toxicol. Sci. 2024, 201, 263–281. [Google Scholar] [CrossRef]

	



Sen, A.; Heredia, N.; Senut, M.-C.; Hess, M.; Land, S.; Qu, W.; Hollacher, K.; Dereski, M.O.; Ruden, D.M. Early Life Lead Exposure Causes Gender-Specific Changes in the DNA Methylation Profile of DNA Extracted from Dried Blood Spots. Epigenomics 2015, 7, 379–393. [Google Scholar] [CrossRef]

	



Montrose, L.; Padmanabhan, V.; Goodrich, J.M.; Domino, S.E.; Treadwell, M.C.; Meeker, J.D.; Watkins, D.J.; Dolinoy, D.C. Maternal Levels of Endocrine Disrupting Chemicals in the First Trimester of Pregnancy Are Associated with Infant Cord Blood DNA Methylation. Epigenetics 2018, 13, 301–309. [Google Scholar] [CrossRef]

	



Sobolewski, M.; Singh, G.; Schneider, J.S.; Cory-Slechta, D.A. Different Behavioral Experiences Produce Distinctive Parallel Changes in, and Correlate with, Frontal Cortex and Hippocampal Global Post-Translational Histone Levels. Front. Integr. Neurosci. 2018, 12, 29. [Google Scholar] [CrossRef]

	



Schneider, J.S.; Anderson, D.W.; Kidd, S.K.; Sobolewski, M.; Cory-Slechta, D.A. Sex-Dependent Effects of Lead and Prenatal Stress on Post-Translational Histone Modifications in Frontal Cortex and Hippocampus in the Early Postnatal Brain. Neurotoxicology 2016, 54, 65–71. [Google Scholar] [CrossRef]

	



Tyler, C.R.; Hafez, A.K.; Solomon, E.R.; Allan, A.M. Developmental Exposure to 50 Parts-per-Billion Arsenic Influences Histone Modifications and Associated Epigenetic Machinery in a Region- and Sex-Specific Manner in the Adult Mouse Brain. Toxicol. Appl. Pharmacol. 2015, 288, 40–51. [Google Scholar] [CrossRef]

	



Singh, G.; Singh, V.; Sobolewski, M.; Cory-Slechta, D.A.; Schneider, J.S. Sex-Dependent Effects of Developmental Lead Exposure on the Brain. Front. Genet. 2018, 9, 89. [Google Scholar] [CrossRef]

	



Rosenfeld, C.S.; Trainor, B.C. Environmental Health Factors and Sexually Dimorphic Differences in Behavioral Disruptions. Curr. Environ. Health Rep. 2014, 1, 287–301. [Google Scholar] [CrossRef]

	



Jašarević, E.; Geary, D.C.; Rosenfeld, C.S. Sexually Selected Traits: A Fundamental Framework for Studies on Behavioral Epigenetics. ILAR J. 2012, 53, 253–269. [Google Scholar] [CrossRef]

	



Kudwa, A.E.; Michopoulos, V.; Gatewood, J.D.; Rissman, E.F. Roles of Estrogen Receptors α and β in Differentiation of Mouse Sexual Behavior. Neuroscience 2006, 138, 921–928. [Google Scholar] [CrossRef]

	



Kurian, J.R.; Olesen, K.M.; Auger, A.P. Sex Differences in Epigenetic Regulation of the Estrogen Receptor-α Promoter within the Developing Preoptic Area. Endocrinology 2010, 151, 2297–2305. [Google Scholar] [CrossRef]

	



Schwarz, J.M.; Nugent, B.M.; McCarthy, M.M. Developmental and Hormone-Induced Epigenetic Changes to Estrogen and Progesterone Receptor Genes in Brain Are Dynamic across the Life Span. Endocrinology 2010, 151, 4871–4881. [Google Scholar] [CrossRef]

	



Kolodkin, M.H.; Auger, A.P. Sex Difference in the Expression of DNA Methyltransferase 3a in the Rat Amygdala during Development. J. Neuroendocr. 2011, 23, 577–583. [Google Scholar] [CrossRef]

	



Ghahramani, N.M.; Ngun, T.C.; Chen, P.-Y.; Tian, Y.; Krishnan, S.; Muir, S.; Rubbi, L.; Arnold, A.P.; de Vries, G.J.; Forger, N.G.; et al. The Effects of Perinatal Testosterone Exposure on the DNA Methylome of the Mouse Brain Are Late-Emerging. Biol. Sex Differ. 2014, 5, 8. [Google Scholar] [CrossRef]

	



Nugent, B.M.; Wright, C.L.; Shetty, A.C.; Hodes, G.E.; Lenz, K.M.; Mahurkar, A.; Russo, S.J.; Devine, S.E.; McCarthy, M.M. Brain Feminization Requires Active Repression of Masculinization via DNA Methylation. Nat. Neurosci. 2015, 18, 690–697. [Google Scholar] [CrossRef]

	



Cisternas, C.D.; Cortes, L.R.; Bruggeman, E.C.; Yao, B.; Forger, N.G. Developmental Changes and Sex Differences in DNA Methylation and Demethylation in Hypothalamic Regions of the Mouse Brain. Epigenetics 2020, 15, 72–84. [Google Scholar] [CrossRef]

	



Cisternas, C.D.; Cortes, L.R.; Golynker, I.; Castillo-Ruiz, A.; Forger, N.G. Neonatal Inhibition of DNA Methylation Disrupts Testosterone-Dependent Masculinization of Neurochemical Phenotype. Endocrinology 2020, 161, bqz022. [Google Scholar] [CrossRef]

	



Lomniczi, A.; Loche, A.; Castellano, J.M.; Ronnekleiv, O.K.; Bosch, M.; Kaidar, G.; Knoll, J.G.; Wright, H.; Pfeifer, G.P.; Ojeda, S.R. Epigenetic Control of Female Puberty. Nat. Neurosci. 2013, 16, 281–289. [Google Scholar] [CrossRef]

	



Han, L.; Zhang, H.; Kaushal, A.; Rezwan, F.I.; Kadalayil, L.; Karmaus, W.; Henderson, A.J.; Relton, C.L.; Ring, S.; Arshad, S.H.; et al. Changes in DNA Methylation from Pre- to Post-Adolescence Are Associated with Pubertal Exposures. Clin. Epigenetics 2019, 11, 176. [Google Scholar] [CrossRef]

	



Jaric, I.; Rocks, D.; Greally, J.M.; Suzuki, M.; Kundakovic, M. Chromatin Organization in the Female Mouse Brain Fluctuates across the Oestrous Cycle. Nat. Commun. 2019, 10, 2851. [Google Scholar] [CrossRef]

	



Mangold, C.A.; Masser, D.R.; Stanford, D.R.; Bixler, G.V.; Pisupati, A.; Giles, C.B.; Wren, J.D.; Ford, M.M.; Sonntag, W.E.; Freeman, W.M. CNS-Wide Sexually Dimorphic Induction of the Major Histocompatibility Complex 1 Pathway with Aging. J. Gerontol. A Biol. Sci. Med. Sci. 2017, 72, 16–29. [Google Scholar] [CrossRef]

	



Masser, D.R.; Hadad, N.; Porter, H.L.; Mangold, C.A.; Unnikrishnan, A.; Ford, M.M.; Giles, C.B.; Georgescu, C.; Dozmorov, M.G.; Wren, J.D.; et al. Sexually Divergent DNA Methylation Patterns with Hippocampal Aging. Aging Cell 2017, 16, 1342–1352. [Google Scholar] [CrossRef]

	



Murray, E.K.; Hien, A.; de Vries, G.J.; Forger, N.G. Epigenetic Control of Sexual Differentiation of the Bed Nucleus of the Stria Terminalis. Endocrinology 2009, 150, 4241–4247. [Google Scholar] [CrossRef]

	



Gegenhuber, B.; Wu, M.V.; Bronstein, R.; Tollkuhn, J. Gene Regulation by Gonadal Hormone Receptors Underlies Brain Sex Differences. Nature 2022, 606, 153–159. [Google Scholar] [CrossRef]

	



Matsuda, K.I.; Mori, H.; Nugent, B.M.; Pfaff, D.W.; McCarthy, M.M.; Kawata, M. Histone Deacetylation during Brain Development Is Essential for Permanent Masculinization of Sexual Behavior. Endocrinology 2011, 152, 2760–2767. [Google Scholar] [CrossRef]

	



Brookes, E.; Laurent, B.; Õunap, K.; Carroll, R.; Moeschler, J.B.; Field, M.; Schwartz, C.E.; Gecz, J.; Shi, Y. Mutations in the Intellectual Disability Gene KDM5C Reduce Protein Stability and Demethylase Activity. Hum. Mol. Genet. 2015, 24, 2861–2872. [Google Scholar] [CrossRef]

	



Fieremans, N.; Van Esch, H.; de Ravel, T.; Van Driessche, J.; Belet, S.; Bauters, M.; Froyen, G. Microdeletion of the Escape Genes KDM5C and IQSEC2 in a Girl with Severe Intellectual Disability and Autistic Features. Eur. J. Med. Genet. 2015, 58, 324–327. [Google Scholar] [CrossRef]

	



Geleta, U.; Prajapati, P.; Bachstetter, A.; Nelson, P.T.; Wang, W.-X. Sex-Biased Expression and Response of MicroRNAs in Neurological Diseases and Neurotrauma. Int. J. Mol. Sci. 2024, 25, 2648. [Google Scholar] [CrossRef]

	



Morgan, C.P.; Bale, T.L. Sex Differences in MicroRNA-MRNA Networks: Examination of Novel Epigenetic Programming Mechanisms in the Sexually Dimorphic Neonatal Hypothalamus. Biol. Sex Differ. 2017, 8, 27. [Google Scholar] [CrossRef]

	



Szakats, S.; McAtamney, A.; Cross, H.; Wilson, M.J. Sex-Biased Gene and MicroRNA Expression in the Developing Mouse Brain Is Associated with Neurodevelopmental Functions and Neurological Phenotypes. Biol. Sex Differ. 2023, 14, 57. [Google Scholar] [CrossRef]

	



Mueller, B.R.; Bale, T.L. Sex-Specific Programming of Offspring Emotionality after Stress Early in Pregnancy. J. Neurosci. 2008, 28, 9055–9065. [Google Scholar] [CrossRef]

	



Kundakovic, M.; Gudsnuk, K.; Herbstman, J.B.; Tang, D.; Perera, F.P.; Champagne, F.A. DNA Methylation of BDNF as a Biomarker of Early-Life Adversity. Proc. Natl. Acad. Sci. USA 2015, 112, 6807–6813. [Google Scholar] [CrossRef]

	



Sase, A.S.; Lombroso, S.I.; Santhumayor, B.A.; Wood, R.R.; Lim, C.J.; Neve, R.L.; Heller, E.A. Sex-Specific Regulation of Fear Memory by Targeted Epigenetic Editing of Cdk5. Biol. Psychiatry 2019, 85, 623–634. [Google Scholar] [CrossRef]

	



Issler, O.; van der Zee, Y.Y.; Ramakrishnan, A.; Wang, J.; Tan, C.; Loh, Y.-H.E.; Purushothaman, I.; Walker, D.M.; Lorsch, Z.S.; Hamilton, P.J.; et al. Sex-Specific Role for the Long Non-Coding RNA LINC00473 in Depression. Neuron 2020, 106, 912–926.e5. [Google Scholar] [CrossRef]

	



Xia, Y.; Dai, R.; Wang, K.; Jiao, C.; Zhang, C.; Xu, Y.; Li, H.; Jing, X.; Chen, Y.; Jiang, Y.; et al. Sex-Differential DNA Methylation and Associated Regulation Networks in Human Brain Implicated in the Sex-Biased Risks of Psychiatric Disorders. Mol. Psychiatry 2021, 26, 835–848. [Google Scholar] [CrossRef]

	



Azargoonjahromi, A. The Duality of Amyloid-β: Its Role in Normal and Alzheimer’s Disease States. Mol. Brain 2024, 17, 44. [Google Scholar] [CrossRef]

	



Wightman, D.P.; Jansen, I.E.; Savage, J.E.; Shadrin, A.A.; Bahrami, S.; Holland, D.; Rongve, A.; Børte, S.; Winsvold, B.S.; Drange, O.K.; et al. A Genome-Wide Association Study with 1,126,563 Individuals Identifies New Risk Loci for Alzheimer’s Disease. Nat. Genet. 2021, 53, 1276–1282. [Google Scholar] [CrossRef]

	



Liu, C.-C.; Liu, C.-C.; Kanekiyo, T.; Xu, H.; Bu, G. Apolipoprotein E and Alzheimer Disease: Risk, Mechanisms and Therapy. Nat. Rev. Neurol. 2013, 9, 106–118. [Google Scholar] [CrossRef]

	



Altmann, A.; Tian, L.; Henderson, V.W.; Greicius, M.D. Alzheimer’s Disease Neuroimaging Initiative Investigators Sex Modifies the APOE-Related Risk of Developing Alzheimer Disease. Ann. Neurol. 2014, 75, 563–573. [Google Scholar] [CrossRef]

	



Neu, S.C.; Pa, J.; Kukull, W.; Beekly, D.; Kuzma, A.; Gangadharan, P.; Wang, L.-S.; Romero, K.; Arneric, S.P.; Redolfi, A.; et al. Apolipoprotein E Genotype and Sex Risk Factors for Alzheimer Disease: A Meta-Analysis. JAMA Neurol. 2017, 74, 1178–1189. [Google Scholar] [CrossRef]

	



Gamache, J.; Yun, Y.; Chiba-Falek, O. Sex-Dependent Effect of APOE on Alzheimer’s Disease and Other Age-Related Neurodegenerative Disorders. Dis. Model. Mech. 2020, 13, dmm045211. [Google Scholar] [CrossRef]

	



Villa, C.; Combi, R. Epigenetics in Alzheimer’s Disease: A Critical Overview. Int. J. Mol. Sci. 2024, 25, 5970. [Google Scholar] [CrossRef]

	



Mani, S.T.; Thakur, M.K. In the Cerebral Cortex of Female and Male Mice, Amyloid Precursor Protein (APP) Promoter Methylation Is Higher in Females and Differentially Regulated by Sex Steroids. Brain Res. 2006, 1067, 43–47. [Google Scholar] [CrossRef]

	



Mano, T.; Nagata, K.; Nonaka, T.; Tarutani, A.; Imamura, T.; Hashimoto, T.; Bannai, T.; Koshi-Mano, K.; Tsuchida, T.; Ohtomo, R.; et al. Neuron-Specific Methylome Analysis Reveals Epigenetic Regulation and Tau-Related Dysfunction of BRCA1 in Alzheimer’s Disease. Proc. Natl. Acad. Sci. USA 2017, 114, E9645–E9654. [Google Scholar] [CrossRef]

	



Pellegrini, C.; Pirazzini, C.; Sala, C.; Sambati, L.; Yusipov, I.; Kalyakulina, A.; Ravaioli, F.; Kwiatkowska, K.M.; Durso, D.F.; Ivanchenko, M.; et al. A Meta-Analysis of Brain DNA Methylation Across Sex, Age, and Alzheimer’s Disease Points for Accelerated Epigenetic Aging in Neurodegeneration. Front. Aging Neurosci. 2021, 13, 639428. [Google Scholar] [CrossRef]

	



Zhang, L.; Young, J.I.; Gomez, L.; Silva, T.C.; Schmidt, M.A.; Cai, J.; Chen, X.; Martin, E.R.; Wang, L. Sex-Specific DNA Methylation Differences in Alzheimer’s Disease Pathology. Acta Neuropathol. Commun. 2021, 9, 77. [Google Scholar] [CrossRef]

	



Silva, T.C.; Zhang, W.; Young, J.I.; Gomez, L.; Schmidt, M.A.; Varma, A.; Chen, X.S.; Martin, E.R.; Wang, L. Distinct Sex-Specific DNA Methylation Differences in Alzheimer’s Disease. Alzheimers Res. Ther. 2022, 14, 133. [Google Scholar] [CrossRef]

	



Casciaro, F.; Persico, G.; Rusin, M.; Amatori, S.; Montgomery, C.; Rutkowsky, J.R.; Ramsey, J.J.; Cortopassi, G.; Fanelli, M.; Giorgio, M. The Histone H3 K4me3, K27me3, and K27ac Genome-Wide Distributions Are Differently Influenced by Sex in Brain Cortexes and Gastrocnemius of the Alzheimer’s Disease PSAPP Mouse Model. Epigenomes 2021, 5, 26. [Google Scholar] [CrossRef]

	



Ravanelli, F.; Musazzi, L.; Barbieri, S.S.; Rovati, G.; Popoli, M.; Barbon, A.; Ieraci, A. Differential Epigenetic Changes in the Dorsal Hippocampus of Male and Female SAMP8 Mice: A Preliminary Study. Int. J. Mol. Sci. 2023, 24, 13084. [Google Scholar] [CrossRef]

	



Cao, M.; Li, H.; Zhao, J.; Cui, J.; Hu, G. Identification of Age- and Gender-Associated Long Noncoding RNAs in the Human Brain with Alzheimer’s Disease. Neurobiol. Aging 2019, 81, 116–126. [Google Scholar] [CrossRef]

	



Urdánoz-Casado, A.; Sánchez-Ruiz de Gordoa, J.; Robles, M.; Acha, B.; Roldan, M.; Zelaya, M.V.; Blanco-Luquin, I.; Mendioroz, M. Gender-Dependent Deregulation of Linear and Circular RNA Variants of HOMER1 in the Entorhinal Cortex of Alzheimer’s Disease. Int. J. Mol. Sci. 2021, 22, 9205. [Google Scholar] [CrossRef]

	



Luo, P.; Li, X.; Fei, Z.; Poon, W. Scaffold Protein Homer 1: Implications for Neurological Diseases. Neurochem. Int. 2012, 61, 731–738. [Google Scholar] [CrossRef]

	



Beylerli, O.; Beilerli, A.; Ilyasova, T.; Shumadalova, A.; Shi, H.; Sufianov, A. CircRNAs in Alzheimer’s Disease: What Are the Prospects? Noncoding RNA Res. 2024, 9, 203–210. [Google Scholar] [CrossRef]

	



Chum, P.P.; Hakim, M.A.; Behringer, E.J. Cerebrovascular MicroRNA Expression Profile During Early Development of Alzheimer’s Disease in a Mouse Model. J. Alzheimers Dis. 2022, 85, 91–113. [Google Scholar] [CrossRef]

	



Llera-Oyola, J.; Carceller, H.; Andreu, Z.; Hidalgo, M.R.; Soler-Sáez, I.; Gordillo, F.; Gómez-Cabañes, B.; Roson, B.; de la Iglesia-Vayá, M.; Mancuso, R.; et al. The Role of MicroRNAs in Understanding Sex-Based Differences in Alzheimer’s Disease. Biol. Sex Differ. 2024, 15, 13. [Google Scholar] [CrossRef]

	



Dickson, D.W. Neuropathology of Parkinson Disease. Park. Relat. Disord. 2018, 46 (Suppl. S1), S30–S33. [Google Scholar] [CrossRef]

	



Funayama, M.; Nishioka, K.; Li, Y.; Hattori, N. Molecular Genetics of Parkinson’s Disease: Contributions and Global Trends. J. Hum. Genet. 2023, 68, 125–130. [Google Scholar] [CrossRef]

	



Foo, J.N.; Chew, E.G.Y.; Chung, S.J.; Peng, R.; Blauwendraat, C.; Nalls, M.A.; Mok, K.Y.; Satake, W.; Toda, T.; Chao, Y.; et al. Identification of Risk Loci for Parkinson Disease in Asians and Comparison of Risk Between Asians and Europeans: A Genome-Wide Association Study. JAMA Neurol. 2020, 77, 746–754. [Google Scholar] [CrossRef]

	



Park, K.W.; Ryu, H.-S.; Shin, E.; Park, Y.; Jeon, S.R.; Kim, S.Y.; Kim, J.S.; Koh, S.-B.; Chung, S.J. Ethnicity- and Sex-Specific Genome Wide Association Study on Parkinson’s Disease. NPJ Park. Dis. 2023, 9, 141. [Google Scholar] [CrossRef]

	



Klokkaris, A.; Migdalska-Richards, A. An Overview of Epigenetic Changes in the Parkinson’s Disease Brain. Int. J. Mol. Sci. 2024, 25, 6168. [Google Scholar] [CrossRef] [PubMed]

	



Kochmanski, J.; Kuhn, N.C.; Bernstein, A.I. Parkinson’s Disease-Associated, Sex-Specific Changes in DNA Methylation at PARK7 (DJ-1), SLC17A6 (VGLUT2), PTPRN2 (IA-2β), and NR4A2 (NURR1) in Cortical Neurons. NPJ Park. Dis. 2022, 8, 120. [Google Scholar] [CrossRef]

	



Briggs, C.E.; Wang, Y.; Kong, B.; Woo, T.-U.W.; Iyer, L.K.; Sonntag, K.C. Midbrain Dopamine Neurons in Parkinson’s Disease Exhibit a Dysregulated MiRNA and Target-Gene Network. Brain Res. 2015, 1618, 111–121. [Google Scholar] [CrossRef]

	



Bai, X.; Tang, Y.; Yu, M.; Wu, L.; Liu, F.; Ni, J.; Wang, Z.; Wang, J.; Fei, J.; Wang, W.; et al. Downregulation of Blood Serum MicroRNA 29 Family in Patients with Parkinson’s Disease. Sci. Rep. 2017, 7, 5411. [Google Scholar] [CrossRef]

	



Yang, Z.; Li, T.; Li, S.; Wei, M.; Qi, H.; Shen, B.; Chang, R.C.-C.; Le, W.; Piao, F. Altered Expression Levels of MicroRNA-132 and Nurr1 in Peripheral Blood of Parkinson’s Disease: Potential Disease Biomarkers. ACS Chem. Neurosci. 2019, 10, 2243–2249. [Google Scholar] [CrossRef]

	



Vallelunga, A.; Iannitti, T.; Somma, G.; Russillo, M.C.; Picillo, M.; De Micco, R.; Vacca, L.; Cilia, R.; Cicero, C.E.; Zangaglia, R.; et al. Correction to: Gender Differences in MicroRNA Expression in Levodopa-naive PD Patients. J. Neurol. 2023, 270, 3583. [Google Scholar] [CrossRef]

	



Huang, T.; Zhao, J.-Y.; Pan, R.-R.; Jiang, T.; Fu, X.-X.; Huang, Q.; Wang, X.-X.; Gong, P.-Y.; Tian, Y.-Y.; Zhang, Y.-D. Dysregulation of Circulatory Levels of LncRNAs in Parkinson’s Disease. Mol. Neurobiol. 2023, 60, 317–328. [Google Scholar] [CrossRef]

	



Wang, H.; Guan, L.; Deng, M. Recent Progress of the Genetics of Amyotrophic Lateral Sclerosis and Challenges of Gene Therapy. Front. Neurosci. 2023, 17, 1170996. [Google Scholar] [CrossRef] [PubMed]

	



Di Martino, P.; Marcozzi, V.; Bibbò, S.; Ghinassi, B.; Di Baldassarre, A.; Gaggi, G.; Di Credico, A. Unraveling the Epigenetic Landscape: Insights into Parkinson’s Disease, Amyotrophic Lateral Sclerosis, and Multiple Sclerosis. Brain Sci. 2024, 14, 553. [Google Scholar] [CrossRef]

	



Zhao, Y.; Li, X.; Wang, K.; Iyer, G.; Sakowski, S.A.; Zhao, L.; Teener, S.; Bakulski, K.M.; Dou, J.F.; Traynor, B.J.; et al. Epigenetic Age Acceleration Is Associated with Occupational Exposures, Sex, and Survival in Amyotrophic Lateral Sclerosis. EBioMedicine 2024, 109, 105383. [Google Scholar] [CrossRef]

	



Grant, O.A.; Iacoangeli, A.; Zwamborn, R.A.J.; van Rheenen, W.; Byrne, R.; Eijk, K.R.; Kenna, K.; van Vugt, J.J.F.A.; Cooper-Knock, J.; Kenna, B.; et al. Sex-Specific DNA Methylation Differences in Amyotrophic Lateral Sclerosis. bioRxiv 2024. [Google Scholar] [CrossRef]

	



Toivonen, J.M.; Manzano, R.; Oliván, S.; Zaragoza, P.; García-Redondo, A.; Osta, R. MicroRNA-206: A Potential Circulating Biomarker Candidate for Amyotrophic Lateral Sclerosis. PLoS ONE 2014, 9, e89065. [Google Scholar] [CrossRef]

	



Pegoraro, V.; Merico, A.; Angelini, C. Micro-RNAs in ALS Muscle: Differences in Gender, Age at Onset and Disease Duration. J. Neurol. Sci. 2017, 380, 58–63. [Google Scholar] [CrossRef]

	



Gomes, L.C.; Hänzelmann, S.; Hausmann, F.; Khatri, R.; Oller, S.; Parvaz, M.; Tzeplaeff, L.; Pasetto, L.; Gebelin, M.; Ebbing, M.; et al. Multiomic ALS Signatures Highlight Subclusters and Sex Differences Suggesting the MAPK Pathway as Therapeutic Target. Nat. Commun. 2024, 15, 4893. [Google Scholar] [CrossRef]

	



Berdasco, M.; Esteller, M. Clinical Epigenetics: Seizing Opportunities for Translation. Nat. Rev. Genet. 2019, 20, 109–127. [Google Scholar] [CrossRef]

	



Nabi, M.; Tabassum, N. Role of Environmental Toxicants on Neurodegenerative Disorders. Front. Toxicol. 2022, 4, 837579. [Google Scholar] [CrossRef]

	



DuMont, M.; Agostinis, A.; Singh, K.; Swan, E.; Buttle, Y.; Tropea, D. Sex Representation in Neurodegenerative and Psychiatric Disorders’ Preclinical and Clinical Studies. Neurobiol. Dis. 2023, 184, 106214. [Google Scholar] [CrossRef] [PubMed]

	



Günther, R.; Saal, K.-A.; Suhr, M.; Scheer, D.; Koch, J.C.; Bähr, M.; Lingor, P.; Tönges, L. The Rho Kinase Inhibitor Y-27632 Improves Motor Performance in Male SOD1G93A Mice. Front. Neurosci. 2014, 8, 304. [Google Scholar] [CrossRef]

	



Torres, P.; Cacabelos, D.; Pairada, J.; Bauer, K.C.; Boada, J.; Fontdevila, L.; Rossi, C.; Povedano, M.; Ferrer, I.; Pamplona, R.; et al. Gender-Specific Beneficial Effects of Docosahexaenoic Acid Dietary Supplementation in G93A-SOD1 Amyotrophic Lateral Sclerosis Mice. Neurotherapeutics 2020, 17, 269–281. [Google Scholar] [CrossRef]

	



Buckley, R.F.; Gong, J.; Woodward, M. A Call to Action to Address Sex Differences in Alzheimer Disease Clinical Trials. JAMA Neurol. 2023, 80, 769–770. [Google Scholar] [CrossRef]

	



Yang, Z.; Xu, F.; Teschendorff, A.E.; Zhao, Y.; Yao, L.; Li, J.; He, Y. Insights into the Role of Long Non-Coding RNAs in DNA Methylation Mediated Transcriptional Regulation. Front. Mol. Biosci. 2022, 9, 1067406. [Google Scholar] [CrossRef]

	



Glaich, O.; Parikh, S.; Bell, R.E.; Mekahel, K.; Donyo, M.; Leader, Y.; Shayevitch, R.; Sheinboim, D.; Yannai, S.; Hollander, D.; et al. DNA Methylation Directs MicroRNA Biogenesis in Mammalian Cells. Nat. Commun. 2019, 10, 5657. [Google Scholar] [CrossRef]

	



Bure, I.V.; Nemtsova, M.V.; Kuznetsova, E.B. Histone Modifications and Non-Coding RNAs: Mutual Epigenetic Regulation and Role in Pathogenesis. Int. J. Mol. Sci. 2022, 23, 5801. [Google Scholar] [CrossRef]








[image: Biology 14 00098 g001] 





Figure 1. Overview of the main epigenetic mechanisms. The methylation of CpG sites (5mC) is usually associated with the repression of gene expression, while demethylated cytosine residues (C) allow mRNA expression. LncRNAs exert their epigenetic activity through several pathways (indicated in blue circles). The binding of miRNAs to their target mRNAs suppresses protein translation or induces mRNA degradation. Histone modifications regulate chromatin accessibility by adding or removing molecules from histone tails. For example, the trimethylation of histone H3 at lysine 9 (H3K9me) promotes a condensed chromatin state, while histone acetylation (Ac) facilitates an open chromatin configuration. 
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Figure 2. Overview of the main factors that contribute to sex-related epigenetic differences. 
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Table 2. Sex-related epigenetic alterations in Parkinson’s disease studies.
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	Experimental Model
	Epigenetic Target
	Observation
	Reference





	Substantia nigra of C57BL/6 mice exposed to the PD-linked pesticide dieldrin
	DNA methylation at the genome-wide level
	Dieldrin treatment induced sex-specific DNA methylation alterations in several genes related to dopaminergic neuron development and maintenance, including Nr4a2 and Lmx1b genes, at multiple time points
	[77,78]



	Post-mortem parietal cortex of 50 PD (17 females, 33 males) and 50 (20 females, 30 males) control subjects
	DNA methylation at the genome-wide level
	Specific DNA methylation alterations in PD patients compared to controls were identified in male (including hypomethylation of PARK7) and female (including hypermethylation of ATXN1) subjects
	[138]



	Substantia nigra samples from 8 control subjects and 8 PD patients (3 females and 5 males per group)
	Expression of 159 miRNAs
	PD patients had dysregulated miRNA expression profiles (109 upregulated and 50 downregulated) with patterns of miRNA changes that show a trend of more upregulation in the male and more downregulation in the female group
	[139]



	Serum samples of 80 PD patients (32 females, 48 males)

and 80 controls (32 females, 48 males)
	MicroRNA29 family (miR29 a, b and c) expression
	MiR-29 levels were decreased in PD patients. Expression of miR-29a and miR-29c was higher in females compared to male