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Abstract

:

In the present review, the main features involved in the susceptibility and progression of neurodegenerative disorders (NDDs) have been discussed, with the purpose of highlighting their potential application for promoting the management and treatment of patients with NDDs. In particular, the impact of genetic and epigenetic factors, nutrients, and lifestyle will be presented, with particular emphasis on Alzheimer’s disease (AD) and Parkinson’s disease (PD). Metabolism, dietary habits, physical exercise and microbiota are part of a complex network that is crucial for brain function and preservation. This complex equilibrium can be disrupted by genetic, epigenetic, and environmental factors causing perturbations in central nervous system homeostasis, contributing thereby to neuroinflammation and neurodegeneration. Diet and physical activity can directly act on epigenetic modifications, which, in turn, alter the expression of specific genes involved in NDDs onset and progression. On this subject, the introduction of nutrigenomics shed light on the main molecular players involved in the modulation of health and disease status. In particular, the review presents data concerning the impact of ADH1B, CYP1A2, and MTHFR on the susceptibility and progression of NDDs (especially AD and PD) and how they may be exploited for developing precision medicine strategies for the disease treatment and management.
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1. Introduction


Most neurodegenerative diseases (NDDs) have been associated with genetic and environmental factors, with regard their potential to influence disease susceptibility and progression [1]. Concerning genetic factors, the study of the human genetic variability allowed identifying different variants (mainly single-nucleotide polymorphisms, SNPs) associated with an increased susceptibility to develop NDDs among worldwide populations. In addition, external factors (age, environment/lifestyle, diet, and comorbidities) have also been shown to crosstalk with the genome, by means of epigenetic modifications, which essentially modulate gene expression in different tissues without altering the DNA sequence. Actually, the alteration of the epigenome has been described as a contributing factor in the development and progression of NDDs [1].



Concerning environmental factors, smoking habit is a key risk factor for the development of NDDs as well as the chronic exposure to contaminants such as heavy metals and pesticides [2,3,4]. In addition, there is a close relationship between dietary habits and NDDs [5], since a high consumption of saturated fatty acids exacerbate neurodegeneration by increasing lipid peroxidation and, in turn, oxidative stress [6]. Moreover, the uncontrolled intake of saturated fatty acids has been assumed to trigger the inflammatory response, recruit the peripheral immune cells into the central nervous system (CNS) and, thus, contribute to the exacerbation of disease symptoms [7]. Furthermore, studies revealed that the consumption of long-chain fatty acids (LCFAs) have been found to worsen disease symptoms, whereas the intake of short-chain fatty acids (SCFAs) have been shown to improve the disease course [8].



Minerals and vitamins exert multiple effects on neuronal signalling and communication. In fact, B vitamins affect fiber myelination and neuronal survival, whereas E vitamins support mitochondrial function, acting as an effective antioxidant factor [9].



In this scenario, the different nutritional plans have been shown to affect the susceptibility and progression of NDDs, such as Alzheimer’s disorder (AD), Parkinson’s disease (PD), and multiple sclerosis (MS).



On this subject, the therapeutic potential of the ketogenic diet has been studied in such conditions [5]. In particular, the ketogenic diet consists of a low-carbohydrate, adequate-protein, and high-fat intake, raising fatty acid oxidation to ketone bodies and, thereby, replacing glucose as the primary energy source [10,11,12]. Therefore, this diet has been shown to enhance neuronal bioenergetics by promoting mitochondrial biogenesis, stabilizing synaptic function, triggering the production of brain-derived neurotrophic factor (BDNF) and, thereby, promoting the neuroprotective functions of the brain [13].



Moreover, a protective role for the Mediterranean diet has been described in relation to different multifactorial diseases (including stroke, age-related macular degeneration, and NDDs) [14]. The Mediterranean diet is based on a high consumption of monounsaturated and polyunsaturated fatty acids and antioxidants (included in fruit, vegetables, fish, and olive oil). Interestingly, this kind of diet has been reported to have anti-depressive effects and improve cognitive ability, thus, reducing the susceptibility to AD and PD [15,16,17].



In addition, caloric restriction has also been demonstrated to protect against neurodegeneration. In fact, this has been shown to activate a mild chronic stress response in neurons, promoting, in turn, an increased production of neurotrophic factors (such as BDNF and chaperones), which prevent protein aggregation and neuronal death [18].



Importantly, a recent study found an association between the Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diet and a decreased risk of dementia. In particular, the MIND diet contains recommendations regarding several foods (i.e., green leafy vegetables, whole grains, other vegetables, nuts, berries, beans, fish, poultry, olive oil, and wine) considered to be healthy for the brain, in contrast to others classified as unhealthy (red meat, butter, cheese, pastries, fast fried food, and sweets) [19]. Hence, healthy food components (i.e., polyunsaturated fatty acids, antioxidants including resveratrol, blueberry polyphenols, curcumin, sulphoraphane, and salvionic acid) as well as caloric restriction and physical activity may counteract ageing and any associated neurodegenerative diseases [20].



Over dietary habits and nutritional components, gut microbiota has been shown to exert multiple functions (including the resistance to pathogens and maturation of the immune system) and to participate in brain physiology as well as neurodegenerative conditions [2]. In particular, the diversity and composition of gut bacteria regulates the amount of microbiota-derived metabolites, neurotransmitters, and the SCFAs, which constitute the major end-products of microbial fermentation in the gut [21]. Indeed, brain function, behavior, and cognition can also be modulated by gut-derived signaling molecules, which can communicate with the brain by neural communication, endocrine signaling, and the immune system [5,22,23]. The disruption of the microbiome composition (i.e., dysbiosis) can be detrimental to human health and immunity, resulting thereby, in a higher susceptibility to disease conditions, including NDDs (AD, PD) [24,25,26,27]. In addition, the disease severity of NDDs can also be affected by microbiome metabolites by two mechanisms: (i) immune-mediated neurodegeneration, and (ii) the direct effects of microbiome-derived metabolites on CNS cells.



Given these premises, the present review aims to provide an overview of the main features involved in the susceptibility and progression of NDDs. In particular, the impact of genetic and epigenetic factors, nutrients, and lifestyle will be discussed with the purpose of highlighting their potential application for promoting the management and treatment of patients with NDDs.




2. Diet and NDDs: Focus on AD and PD


2.1. AD


AD is a complex disorder characterized by an irreversible and progressive decline of cognitive functions, resulting in memory loss, an impairment in decision-making, and an inability to carry out basic daily activities [28,29]. These clinical signs affect the lifestyle of patients and their families causing physical, psychological, social, and economic changes [28]. People suffering from AD are estimated to account for 35.6 million and 7.7 million new cases are diagnosed every year [30]. Moreover, the number of people with AD will dramatically triple over the next 40 years with a notable increase in costs for diagnosis and treatment [31]. The main pathological hallmarks of the AD brain include neuron loss at the level of the hippocampus and neocortex/entorhinal cortex, and atrophy of the temporal and parietal cortex [32]. Additional neuropathological features of the disease are the presence of extracellular β-amyloid (Aβ) plaques and intracellular neurofibrillary tangles (NFTs), which are caused by the alteration of amyloid precursor protein (APP) and the increasing of phosphorylated-tau (P-Tau) protein, respectively [33].



The main genetic risk associated with AD is represented by the epsilon 4 variant of the Apolipoprotein E (APOE, 19q13.32) gene. This encodes a protein mainly involved in lipid transport. In fact, APOE is the primary component of plasma lipoproteins, and it is responsible for their production, conversion, and clearance. Although it associates with very low-density lipoproteins (VLDL) and intermediate density lipoproteins (IDL), APOE preferentially binds to high-density lipoproteins (HDL). It is crucially involved in the metabolism of plasma and tissue lipid metabolism, especially regarding cholesterol homeostasis. Importantly, APOE is also implicated in lipid transport in the CNS as well as in the regulation of neuron survival and sprouting [33,34,35]. In particular, this role provided a link for aberrant lipid metabolism and the onset of AD [36,37]. In fact, higher levels of LDL and lower levels of HDL were shown to be associated with increased deposition of Aβ in the brain [36].



Studies on AD mice carrying the APOE4 allele revealed a strong negative impact after diet-induced weight gain, as shown by the higher incidence of metabolic disturbances such as obesity, hypercholesterolemia, and type 2 diabetes, compared to AD mice carrying the APOE3 allele [38,39,40].



In addition, insulin and insulin-like growth factor-1 (IGF-1) are known to participate in neuronal development and survival through the stimulation of synaptic plasticity and long-term potentiation, contributing thereby to learning and memory functions. In particular, insulin modulates tau protein’s phosphorylation, and, thus, has been involved in AD etiopathogenesis [41].



Moreover, studies on animal models showed that caloric restriction has a protective effect against AD onset and progression, through the decreasing of Aβ deposition and the enhancement of neurogenesis [42,43].



A research study has shown that the intake of daily food supplemented with ascorbic acid for eight weeks resulted in a reduction of advanced glycation end-products [44]. In addition, this approach was also associated with enhanced plasma HDL levels and LDL composition, exerting thereby protective effects against systemic inflammation and atherosclerosis. Furthermore, the study showed an inverse correlation between ascorbic acid and the expression of several miRNAs (such as miR155 levels), suggesting that high doses of ascorbic acid may decrease inflammation via the modulation of miRNA levels [44]. Given that miR155 and inflammation are key players involved in AD etiopathogenesis and progression, their possible modulation by ascorbic acid supplementation represent a possible treatment strategy for AD. Moreover, a protective effect against AD onset has been shown for the concomitant supplementation of ascorbic acid and vitamin E [45].



Observational human studies revealed that AD patients show an altered microbiome composition [46,47,48,49,50]. Supporting this evidence, a study on mice described a strong association between murine microbial composition and the APOE genotype, which was independent from disease status and sex [51,52]. Hence, AD onset and progression could be affected by microbial composition, which, in turn, may be affected with specific AD-associated genetic factors, such as the APOE genotype [2].




2.2. PD


PD is a complex movement disorder characterized by high heterogeneity in terms of clinical presentation and environmental and genomic contributing factors [1]. It is caused by the progressive loss of dopaminergic neurons in the Substantia Nigra pars Compacta (SNc) and the formation of abnormal aggregates of protein referred to as Lewy bodies. PD affects more than 10 million people worldwide, although the prevalence can differ because of age, male sex, and geographic position. This disease has dramatic effects on a patient’s life as well as on the overall health system. Clinical features associated with PD include a resting tremor, rigidity, bradykinesia, and postural instability, although patients can also experience non-motor symptoms (mainly neuropsychiatric, olfactory, and sleep disturbances) [1].



In the last decades, dietary habits, microbiota and metabolism have had a strong impact on PD incidence, revealing a great contribution in dopaminergic neurotoxicity [2]. The relationship between diet and PD shows an association with specific foods. In particular, milk intake is the most reliable dietary factor associated with an increased susceptibility to PD, even if it is not explained by vitamin D levels, calcium, or the amount of dairy fats [53,54]. Instead, many studies have revealed that coffee consumption is associated with a lower risk of PD. In fact, it appears to benefit males more than females, and, accordingly, sex hormones may be important modifiers of caffeine’s protective function [55,56,57]. Caffeine blocks the adenosine A2a receptor acting as an antagonist; this blockage may inhibit glutamate excitotoxicity, increasing neuronal survival. Data also revealed that caffeine downregulates inflammatory cytokines and microglia activation, exerting its neuroprotective role [58,59].



Coenzyme Q10 and fish oil among nutritional supplements reduce the rates of PD progression, having a statistically significant correlation with PD [20].



Considering that some symptoms observed in the early phases of PD occur at the gastrointestinal level, the dysbiosis may play a triggering role in the disease etiopathogenesis, suggesting that it may represent a potential treatment target for PD [22,60]. In fact, patients suffering with PD displayed a lower prevalence of protective and anti-inflammatory bacterial species, in combination with higher amounts of proinflammatory species, which were associated with postural instability, worse motor function, and fluctuations. Of note, aggregates of α-synuclein have been detected in the sigmoid mucosa of patients 2–5 years before the onset of disease symptomatology. Thus, it has been hypothesized that the α-synuclein is subsequently moved to the brain by means of a prion-like mechanism or inflammatory and oxidative stress processes. In addition, variants of the genes coding for peptidoglycan recognition proteins have also been associated with PD risk, suggesting that they may influence the microbiota composition and the immune response toward commensal and harmful bacteria. Consequently, gut mucosa would be more vulnerable and prone to inflammation, contributing thereby to the accumulation of α-synuclein and to the initiation of the neuropathological cascade responsible for PD [1].





3. Genetic and Epigenetic Factors Involved in Nutrients Metabolism and NDDs


3.1. Genetic Factors


Recent studies focused their attention on the genetic and epigenetic features that influence the ability of nutrients to modulate health status, giving rise to the new line of research known as nutrigenomics. On this subject, various protective pathways such as caloric restriction and lipid and vitamins metabolism have been connected to age-related disease, including NDDs. This approach opens the way for introducing new action plans for promoting neuroprotection exploiting diet and finding new natural substances that can be more effective. Indeed, the identification of such nutrigenomic factors should be able to induce health-promoting genes and reduce the expression of disease-promoting genes and other yet unknown pathways.



To this purpose, the study of genetic variability highlighted the association of 11 SNPs with significant effects on nutrition and health. In particular, the rs762551 (C/A) in the CYP1A2 (15q24) gene is involved in caffeine metabolism, whereas the rs1229984 (T/C) and rs2066702 (G/A) in the ADH1B (4q23) gene are associated with alcohol metabolism. Moreover, the rs738409 (C/G) in the PNPLA3 (22q13.31) gene plays a role in increasing fat accumulation and, interestingly, it is involved in non-alcoholic fatty liver disease. The rs9939609 (T/A) is localized in the FTO (16q12.2) gene and it is involved in obesity, appetite, and increasing adiposity, whereas the rs174537 (G/T) in the FADS1 (11q12.2) gene is involved in long-chain fatty acid biosynthesis. Among the other SNPs, a high emphasis has to be given to rs7412 (C/T) and rs429358 (T/C), which are located in the APOE gene that represents the main genetic risk factor for AD and it is critical for lipid metabolism. Finally, the rs1801133 (G/A) in the MTHFR (1p36.22) gene is involved in folate metabolism, whereas the rs7041 (A/C) and rs4588 (G/T) in the GC (4q13.3) gene affects the transport of vitamin D [60].



Taking into account the above-mentioned nutrigenomic SNPs, we investigated the hypothesis that 11 SNPs known for their effects on nutrition and health were also associated with NDDs. Therefore, we performed research among database and literature studies searching for data supporting this thesis (Figure 1).



Firstly, we utilized the DisGeNET platform (v7.0, https://www.disgenet.org/home/, accessed on 11 August 2022), which allows the research of genes and variants associated with human disease thanks to the integration data collected from expert curated repositories (including GWAS catalogues, animal models, and scientific literature). To this purpose, we queried our SNPs of interest into the platform and we filtered the results to see those related to the “Nervous System Diseases” class. Subsequently, we selected the SNPs associated with NDDs, especially AD and PD. We then performed a search on public databases (namely, GWAS catalogue, AlzGene, PdGene, NIAGADS Alzheimer’s Genomics Database) and literature, searching for data concerning the investigation of the selected SNPs in the context of AD, PD, or other factors that may influence their susceptibility, progression, or treatment response. To this purpose, we utilized the rs number and the name of the disease (namely, AD and PD) as keywords. As a result, we were able to prioritize four SNPs, that are rs7412 (APOE), rs429358 (APOE), rs1229984 (ADH1B), rs762551 (CYP1A2), and rs1801133 (MTHFR). As expected, SNPs of APOE were found to be associated with the risk of AD and PD. In addition, the ADH1B and MTHFR variants were associated with both AD and PD, whereas the SNP of CYP2A1 was linked only to PD risk. Concerning the four SNPs of interest and the disease-related factors, cognitive impairment (SNPs of APOE, ADH1B, MTHFR), alcohol abuse (ADH1B variant), caffeine consumption (SNPs of CYP2A1, MTHFR), and homocysteine levels (MTHFR variant) appeared as the mostly represented traits. Indeed, this result reflects the biological functions of these genes in human health and disease and point to ADH1B, CYP1A2, and MTHFR as candidate nutrigenomic factors able to influence the susceptibility and progression to NDDs [61,62,63]. Moreover, these genes and their related variants deserve further investigation because of their possible application to optimize and personalize the treatment to such conditions.




3.2. Epigenetic Factors


Over genetic variability, the epigenetic elements have also been studied as potential nutrigenomic factors. In particular, epigenetic elements are able to shape and modulate gene expression in response to external stimuli (age, environment/lifestyle, diet, and disease condition). To date, at least three epigenetic mechanisms are known to impact gene expression, namely DNA methylation, histone modification, and non-coding-RNAs [64].



Diet directly influences the gene expression profile of cells during a lifetime [2]. In particular, high levels of SCFAs are associated with lower histones acetylation that, consequently, can result in chromatin remodelling and, in turn, in the modification of gene expression [65].



Studies on human subjects indicated that epigenetic modifications could also be influenced by physical activity [66]. In fact, some studies have demonstrated that physical activity can modulate histone acetylation in different tissues, triggering chromatin changes, leading thereby to the transcription or repression of specific genes associated with multifactorial disorders (such as cancer and NDDs) [67,68]. In the last few years, various studies have shown that physical activity induces epigenetic changes that affect the CNS plasticity. Among the genes mostly affected by epigenetic regulation, it is important to mention synuclein α (SNCA, 4q22.1); parkin RBR E3 ubiquitin protein ligase (PARK2, 6q26); Parkinson disease 16 (PARK16, 1q32) and leucine-rich repeat kinase 2 (LRRK2, 12q12); [69,70,71,72,73,74,75].



Concerning ncRNAs, miRNAs have been extensively investigated because of their critical role as post-transcriptional regulators and for their expression in both physiological and pathological conditions. In addition, miRNAs can be detected in several body fluids, such as blood, saliva, urine, and cerebrospinal fluid. In the last decades, several research efforts have been made to disclose the role of miRNAs in neurogenesis and neurodegeneration [64]. Actually, miRNAs are known to be involved in the production and degradation of toxic proteins accumulating in the brain as well as in neuronal death. In addition, they can be expressed as a result of cellular or tissue damage, aging, and dysfunction of pro-survival proteins. Currently, miRNA-29a, miRNA-29b, miRNA-34a, miRNA-103, miRNA-107, miRNA-125a, miRNA-146a, miR-155, miR-196a, miR-499a, and many others have been involved in neuroinflammation, mitochondrial dysfunction, synaptic transmission, endosomal–lysosomal dysfunction, apoptosis, oxidative stress, and membrane and intracellular trafficking [64].





4. Physical Activity and NDDs


The onset and progression of NDDs are also influenced by physical exercise, diet, and stress [5]. Interestingly, physical exercise could influence Aβ levels and slow AD progression [76]. Preclinical studies demonstrated cognitive improvements in PD patients, promoted by physical exercise [77,78]. The reason for the improvement of disease symptoms may be related to the increase in neurotrophic factors (BDNF, NGF, VEGF) levels, highlighting physical exercise as a neuroplasticity promoter [79]. Preclinical studies revealed that physical activity is able to increase antioxidant enzymes, anti-inflammatory cytokines, and anti-apoptotic proteins in intestinal lymphocytes, leading to an overall reduction in gut inflammation [80,81]. Moderate physical activity maintains the intestinal blood flow, modulating the gastrointestinal motility, and reducing inflammation [82]. Instead, excessive physical exercise can produce a stress response that result in the increasing of cortisol and epinephrine levels [83] and a reduction in blood supply to the intestinal epithelium, which, in turn, leads to damage of the gut barrier, inflammation, and gastrointestinal distress [82].



Physical exercise has been described as a protective factor against cognitive decline and AD. The effects of physical exercise can be modulated by genetic factors, as suggested in AD patients, where APOE4 allele carriers were more responsive to the beneficial effects of physical activity compared to non-carriers [84].



The level of physical exercise has been shown to influence the methylation profile of the MTHFR gene and, consequently, the levels of homocysteine, particularly among the elderly [85]. In addition, polymorphisms of MTHFR that are known to affect protein activity and homocysteine levels have also been associated with differential physical performance [86,87,88]. Interestingly, physical activity has been correlated with lower levels of homocysteine, and thus, it could be combined with nutritional interventions to modify the risk for chronic disorders and their complications [85,89,90]. In this perspective, the evaluation of the genetic (i.e., genetic variants) and epigenetic biomarkers (i.e., methylation profile) of MTHFR activity could be helpful for developing strategies for preventing or monitoring disease course and its-related complications. Concerning the relationship between CYP1A2 and physical activity, most of the studies investigated the interaction between caffeine intake and CYP1A2 genotype in relation to the differential response to exercise performance and the regulation of blood pressure [91,92,93,94]. Indeed, these studies investigated the utility of caffeine supplementation on the basis of a CYP1A2 genotype as a possible nutrigenomic approach addressed to improve the exercise performance of athletes for many sports. However, caution should be used before translating such findings to non-athletic and older individuals, for which further studies should be performed [92].



The inflammatory process plays an important role in the pathogenesis of neurodegeneration and an improvement of the inflammatory profile in response to specific training programs has been suggested. Several studies have reported that interleukin-12 (IL-12)-associated genes, such as interleukin 12A (IL12A, 3q25.33), interleukin 12B (IL12B, 5q33.3), interleukin 12 receptor subunit β 1 (IL12RB1, 19p13.11), and interleukin 12 receptor subunit β 2 (IL12RB2, 1p31.3), could be associated with cognitive aging through gene–physical activity interactions [95]. IL-12 is known to participate in neuroinflammatory processes and it has been associated with AD and mild cognitive impairment [95,96].



On this subject, it has been shown that aged people with reduced physical activity showed a higher cognitive decline and higher levels of IL-12β compared to active elderly people, therefore supporting the role of physical activity on individual inflammatory profiles [97]. Associations between IL-12-associated genes and late-onset AD have been reported for rs116910715, rs78902931, and rs78569420 in IL12A; and rs730691 in IL12B and rs3790558, rs4655538, rs75699623, rs1874396 in IL12RB2. A reduction of circulating levels of pro-inflammatory cytokines has been also suggested as a consequence of physical activity, supporting the role of exercise as an epigenetic modulator [95].



Additionally, physical activity-related switch genes involved in cognition and neurodegeneration have been identified [98]. These genes act via the upregulation of synaptic signaling pathways, conferring neuroprotection in AD and PD, and via the downregulation of genes involved in inflammation in AD, hence playing an important role in disease pathogenesis [98].




5. Discussion and Conclusions


The present review discussed the genetic, epigenetic, nutrigenomic, and lifestyle factors that could influence the susceptibility and progression of NDDs, with a special focus on AD and PD. In this context, many protective and risk genetic variants known to affect lifestyle have been also associated with the onset and progression of one or more NDDs. Moreover, epigenetic modifications have been shown to contribute to such conditions and thereby represent possible targets to develop treatment strategies to be combined with nutritional supplements. On this subject, the identification of nutrigenomic factors represent a promising opportunity to promote the gene expression and epigenetic modifications mainly addressed to increase neurotrophic factors and neuroprotective functions in the brain, thereby preventing the exacerbation of disease symptoms and course. Among them, the data presented on ADH1B, CYP1A2, and MTHFR depict them as candidate nutrigenomic factors able to impact the susceptibility and progression of NDDs (especially AD and PD). In particular, ADH1B is a member of the alcohol dehydrogenase family and is involved in alcohol metabolism. Interestingly, the rs1229984 SNP has been widely investigated in different populations with regard to its functional activity related to the fact that the variant allele of the SNP encodes the most active form of the ADH1B enzyme [99]. In particular, this form may induce a faster biotransformation of alcohol to acetaldehyde. The rs1229984 has been associated with several multifactorial traits and diseases, including cardiovascular disorders, hypertension, migraines, and NDDs [100]. In particular, some studies described this SNP as a susceptibility factor for AD and PD [99,100,101,102]. Indeed, the alternate form of ADH1B may strongly affect acetaldehyde metabolism and accumulation, which may damage the CNS cells and impair cognitive function in the long-term, conferring a higher susceptibility to neurodegenerative and neuroinflammatory conditions responsible for AD and PD onset and progression [61].



Concerning CYP1A2, it codes for the cytochrome P450 (CYP1A2) enzyme and it is implicated in the metabolism of caffeine over several drugs [103]. Interestingly, individuals carrying the rs762551 SNP experience a slower caffeine metabolism because of the CYP1A2 decreased activity. On this subject, CYP1A2 is localized in most brain regions and, thus, has been investigated in the context of disease conditions such as AD and PD [103,104,105]. These data highlighted the possible therapeutic potential of caffeine as a neuroprotective factor in AD and PD, as shown by the beneficial effects experienced by patients. Indeed, caffeine compounds have been proposed as a supplement to traditional PD treatment, given its interaction with levodopa and its effect on dyskinesia and gait abnormalities [106]. To this purpose, the investigation of the SNPs of CYP1A2 could be helpful to provide additional information concerning the possible application of caffeine as supporting treatment for NDDs, taking into account the interindividual variability of patients. On this subject, several studies investigated the association of the rs762551 with PD risk, providing controversial results and raising the need of further research [104,105,106,107,108,109,110]. In fact, The lack of consensus may be due to experimental issues concerning the design of the studies, the homogeneity of the sample cohort, and ethnicity, which appeared to strongly affect the association analysis [111].



The MTHFR gene is crucially involved in the processing of amino acids, especially concerning folate metabolism. Genetic variants of the MTHFR can affect the proper functioning of this enzyme leading to hyperhomocysteinemia [66]. Interestingly, homocysteine levels have been correlated with structural volume changes in the brain and, therefore, they have been associated with dementia. In addition, temporal lobe atrophy in AD patients has been correlated with hyperhomocysteinemia [112]. Among the most common variants, the rs1801133 has been found to decrease the MTHFR enzyme activity and it has been associated with AD [66,113,114]. In particular, patients with late-onset AD (LOAD) and carrying the APOE4 risk variant have been found deficient of MTHFR together with decreased levels of S-adenosylmethionine (SAM) in cerebrospinal fluid [66,115]. Given the major role of SAM as a methyl donor within the cells, the hypomethylation resulting from SAM decreasing has been shown to induce the up-regulation of AD-associated genes, leading to Aβ deposition and amyloid angiopathy, as well as tau pathology [115]. Moreover, the rs1801133 has also been associated with PD susceptibility [116,117,118]. Overall, the study of MTHFR variants and their functional consequences could be useful to provide a better comprehension of the susceptibility and pathogenic features underlying AD and PD physiopathology, thereby representing additional disease-contributing factors.



Overall, the study of the relationship between ADH1B, CYP1A2, and MTHFR and NDDs, pave the way for further exploring the contribution of nutrigenomics to the susceptibility and progression of NDDs with the purpose of identifying clinically useful biomarkers to be applied in the perspective of the application of precision medicine approaches to patients. Over genetic, epigenetic, and nutrigenomic factors, gut dysbiosis has been associated with many NDDs and several studies suggest that the gut microbiota could represent a stressor target in NDDs. In this regard, the management of dysbiosis represents an additional tool to be further investigated for preventative or treatment purposes. In addition, studies focused on the role of physical activity in neurodegeneration provide evidence for a strong correlation between exercise and NDD; in particular, physical activity acts by directing transcriptional changes in the brain through different pathways across the broad spectrum of neurodegenerative diseases [98]. Physical activity combined with current available therapies, promises to be important for NDDs management and treatment. In conclusion, all of the presented features stand out as potential components to be used for the development of multi-target strategies tailored to provide a more adequate, effective, and personalized treatment to patients suffering from NDDs.
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Figure 1. The research workflow utilized to identify SNPs with effects both on nutrition and neurodegenerative diseases. 
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