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Abstract

:

Unlike genetic changes, epigenetics modulates gene expression without stable modification of the genome. Even though all cells, including sperm and egg, have an epigenome pattern, most of these modifications occur during lifetime and interestingly, some of them, are reversible. Lifestyle and especially nutrients as well as diet regimens are presently gaining importance due to their ability to affect the epigenome. On the other hand, since the epigenome profoundly affects gene expression profile it can be speculated that the epigenome could modulate individual response to nutrients. Recent years have thus seen growing interest on nutrients, macronutrients ratio and diet regimens capable to affect the epigenetic pattern. In fact, while genetic alterations are mostly detrimental at the individual level, reshaping the epigenome may be a feasible strategy to positively counteract the detrimental effect of aging. Here, I review nutrient consumption and diet regimens as a possible strategy to counteract aging-driven epigenome derangement.
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1. Epigenome Machinery


The DNA methyltransferases (DNMTs) are a gene family whose protein products methylate the C5 position of genomic cytosines. DNMTs preferentially target the dinucleotide CpG and, as a result, 70% of all CpG dinucleotides are found methylated in somatic cell lines. CpG islands, often found in regulatory regions of protein coding genes [1], usually inhibit transcription when methylated.



Non CpG DNA methylation (CC, CT and CA) has been described in neurons, skeletal muscle, T-cell and oocytes as well as in embryonic stem cells and pluripotent stem cells where accounts 15% of the total methylated cytosines but seems to be less abundant in faster dividing tissues [1,2,3,4].



DNMTs activation and inhibition are the major regulators of methylation and demethylation both of CpG and non CpG sites. In addition, methylated cytosines can be oxidized by a group of enzymes, the TET enzymes, giving rise to several intermediate products. It is interesting to note these intermediates, present in very low concentration, are promptly affected by environmental signals [5]. We can therefore speculate that, in addition to methylation and demethylation status, these intermediates constitute additional epigenetic signals particularly sensitive to environmental stimuli. Methylation status can thus be considered a dynamic equilibrium between methylation, demethylation and in between with derangement of this fine-tuned mechanism associated to pathological conditions. For example, global demethylation and the resulting genomic instability are considered a hallmark of aging and cancer [6], while increased methylation level is observed in the presence of congenital defects such as down syndrome and gestational diabetes [7].



A second level of epigenetic regulation is posttranslational modification of histone proteins. These small proteins, chemically basic, are abundant in the nucleus being an essential part of nucleosomes, the structural unit of chromatin. Each nucleosome encompasses 8 proteins, the histone octamer, wrapped by a short segment (147 bp) of DNA. A DNA linker of variable length connects neighboring nucleosomes and binds another histone, called H1. Each histone octamer is constituted by 2 H2A-H2B dimers and one 2X (H3-H4) tetramer. N terminal tails of each octameric histone are exposed and subjected to several posttranslational modifications including acetylation, methylation, sumoylation, phosphorylation, ubiquitination [8]. It is interesting to note that while DNA methylation is relatively stable, histone posttranslational modifications change rapidly in response to internal as well as external stimuli [9]. Acetylation of histone proteins is generally associated with reduced affinity for DNA and thus increased accessibility for transcriptional machinery. It is catalyzed by the protein products of the histone acetyltransferases gene family (HAT) and counterbalanced by the activity of the histone deacetylases proteins (HDAC). Methylation of histones also occurs and can have both activating and repressing effects, depending on the amino acid involved [9]. Several substances affect histone epigenetics: tobacco smoke, cadmium and lead are examples of such substances [10].



Beside the enzymatic activity of HAT and HDAC gene products, methylation as well as demethylation of both DNA and histone proteins need the availability of specific molecules capable to donate or accept methyl groups respectively. The concentration of these donor and acceptor molecules may vary and can force the process toward methylation or demethylation. An example of such molecules is S-adenosylmethionine (SAM). This is the methyl group donor in methylation of both DNA and histones. Although the ribose 5-phosphate, needed for this process, is recycled, its continuous usage for nucleotide synthesis, especially in fast growing tissues links its availability to the phosphate pentose pathway, a process driven and thereby dependent on glucose availability [11]. In addition, the SAM synthesis requires the presence of methionine [12], and it is thus connected to folate as well as homocysteine metabolism. In fact, even though methionine is recycled through 1-carbon metabolism, the drainage by protein synthesis makes it an essential nutrient. Intracellular glucose and methionine thus play a role on the efficiency of SAM synthesis and are in turn affected by glycolysis, amino acid metabolism, choline [13] and folate availability [14]. These interconnections constitute a link between cellular metabolism and epigenome. In fact, methionine restriction, which can be easily obtained excluding animal protein sources from the diet, results in decreased global methylation in cancer cells [15] and mice fed with increasing amount of methionine have a correspondent increase in SAM availability [16]. However, because of the cyclical nature of 1-carbon metabolism, excess of methionine may inhibit the methylation of homocysteine maintaining the equilibrium between s-adenosylhomocysteine and s-adenosylmethionine [17,18,19]. Animal studies measuring methionine, s-adenosyl methionine and s-adenosyl homocysteine levels after administration of different amounts of methionine have given mixed results often with tissue-specific differences [16,17,18]. The observed discrepancies on the effects of methionine supplementation or deprivation on SAM availability suggest the existence of a complex relation between methionine administration and SAM availability likely dependent on tissue, age and duration of exposure [20]. On the contrary demethylases and TET enzymes require alpha ketoglutarate (α-KG) as cofactor. The latter is an intermediate of the Krebs cycle, but it is also synthesized by glutamine transamination. It has recently been demonstrated, in yeast model, that histone methylation affects the nuclear ketoglutarate availability suggesting the existence of a feedback mechanism balancing the concentration of this methyl group acceptor [21]. The concentration of α−KG it is also dependent on metabolism of glutamine, branched chain amino acids and serine [11]. Manipulation of the concentration of these amino acids can affect the availability of α-KG altering the efficiency of the demethylation process [11]. In addition, since the Jumanji histone demethylases need Fe2+ as a cofactor and asparagine deficiencies reduce the Fe2+ availability, asparagine depletion can also indirectly affect the efficiency of the demethylation process [22]. However, since normal cells are capable to synthetize asparagine, the latter effect is normally masked and can only be seen in cells which have lost this synthetic capability like acute leukemia cells [22]. Since the availability of glucose, methionine, amino acids as well as the efficiency of Krebs cycle may rely on external factors such as nutrient supply, the epigenome may be dependent on cellular metabolism, external stimuli as well affected by the availability (ratio?) of the methyl donor and acceptor molecules.



Another player of the epigenetic landscape are non-coding RNAs (ncRNA). These are a heterogeneous group of molecules, with size-dependent classification, constituting the RNA molecules with the highest complexity in mammals. They have several roles in multiple steps of protein synthesis (e.g., tRNA and rRNA), gene expression (miRNA) [23], chromatin assembly, silencing of repetitive sequences and centromere function (lncRNA) [24].



Many environmental factors affect epigenetic mechanism through ncRNA. A clear example is constituted by heavy metals lead and cadmium which have been related to some neurological disorders as Alzheimer’s disease, amyotrophic lateral sclerosis and Parkinson’s disease with a mechanism involving ncRNA impairment [24] (Table 1).




2. Substances Affecting the Epigenome


As stated above, global DNA demethylation has been associated with chromosomal instability and considered a hallmark of aging and of several types of cancers. It is therefore of great interest the identification of natural substances capable to delay or even revert the epigenome derangement of aging and cancer.



Global modulation of the epigenome has been associated with the presence- absence of some substances. For example, insufficient availability of zinc resulted in decreased SAM-dependent methylation of rat liver leading to global DNA hypomethylation [28]. Similar results were also obtained with selenium deficiency both on Caco2 cells and in mice experiments [29]. Curiously, both deficient and excessive amount of arsenic are associated with DNA hypomethylation suggesting a complex relationship of this substance with epigenome regulation [30]. On the contrary, increased amount of retinoic acid, a vitamin A active metabolite, led to genome hypomethylation and is associated with greater incidence of tumor [28]. Since methylation occurrence is linked to SAM availability, which is the only methyl donor in DNA, histone and RNA methylation processes, its concentration is obviously crucial for any methylation process. As stated in the preceding paragraph, many factors may affect SAM concentration potentially contributing to epigenome regulation. The 1-Carbon metabolism as well as nutrients like vitamin B6, B12, riboflavin, betaine, folate and choline, amino acids methionine, cysteine, serine and glycine take part in SAM biosynthesis and are believed capable to affect its concentration. This hypothesis is confirmed by the observation that insufficient availability in some of them associates with DNA hypomethylation. For example, folate deficiency and replenishment are associated with decreased and increased DNA methylation respectively [31]. Interestingly, a study made in older women revealed that folate replenishment didn’t fully restore methylation status suggesting aging may limit the reversibility of this process [32].



The methylenetetrahydrofolate reductase (MTHFR) gene, whose mutations are implied in newborn abnormalities can also affect SAM concentration. Two mutations of this gene are known at position 677 (C677T) and 1298 (A1298C). Homozygosity or compound heterozygosity with these mutations are associated to increased need of folate supplementation to maintain normal concentration in blood. One of these mutations, C677T, increases the risk of colorectal cancer but only if folate deficiency is not counterbalanced by folate supplementation [33]. Interestingly, this condition associates with genomic hypomethylation [33].



A more specific modulation of the epigenome has been demonstrated in the case of vitamin D. Beside its fully demonstrated role in bone mineralization and immune modulation, emerging roles as modulator of oxidative stress are appearing for this molecule which is involved in several diseases. This vitamin, mainly introduced eating fat fish, can also be produced by our skin through the conversion of 7-dehydrocholesterol to vitamin D3 in response to UVB solar radiation. The resulting hydrophobic substance, whose blood solubility is assured by the carrier Vitamin D binding protein, is transported from keratinocytes where it is produced or from enterocytes where it is absorbed to the liver where it undergoes the first hydroxylation reaction, it is then transported to proximal tubules of kidneys where the active hormone is finally produced by a second hydroxylation reaction. Cells of the innate immune system can also do the last modification and locally use the active hormone mostly by paracrine or autocrine signaling. The active hormone targets all tissue expressing the nuclear vitamin D receptor (VDR). In response to the ligand-receptor binary complex, VDR reshapes changing the affinity balance from corepressor to coactivator proteins (see Figure 1) [34]. Interaction between activated VDR and chromatin modifying enzymes such as KDM6B and BRD7 has been demonstrated as well as H3K4me3 and H3K27ac mark the chromatin response to vitamin D [34]. Even though the molecular characterization of the vitamin D-triggered epigenetic modifications is at its beginning, in vitro studies with human monocytes have demonstrated increased accessibility to 4500 chromatin loci, most of which in promoter or enhancer regions [34], in response to vitamin D treatment, suggesting an important role of this vitamin on a wide range of epigenetic targets. Vitamin D is also capable to modulate CTCF binding at about 1300 genomic sites. This zinc finger protein, highly conserved, regulates not only transcription activation or repression depending on the target site, but also chromatin 3D structure. In summary modulation of the epigenome is accomplished by vitamin D through modulation of transcription factor binding as well as chromatin accessibility, histone marker and 3D chromatin organization.



Interestingly vitamin D response index vary throughout the population. Like for the response variability to other molecules it is thought that genetic polymorphisms may have a role. The enzymatic activity of 7-dehydrocholesterol reductase which converts 7-dehydrocholesterol into cholesterol is an example. In fact, depending on its enzymatic activity, it subtracts more or less substrate for the UVB-mediated vitamin D3 synthesis. Consequently, genetic mutation lowering its enzymatic activity increases the endogenous synthesis of vitamin D3.



Vitamins C is an antioxidant capable to inhibit peroxidative processes protecting cells, DNA and protein from oxidative damage. It also activates TET enzymes allowing the conversion of 5-methylcytosine to 5-hydroximethylcytosine. The water-soluble vitamin C synergistically works with hydrophobic vitamin E further acting as antioxidants [35]. A recent meta-analysis of genome wide methylation studies in response to vitamin C and E availability identified hundreds of genes hypomethylated in the presence of vitamin C and E. Notably, the results were consistent only after stratification of the cohort for age, sex and smoking status thereby confirming those as critical factors [36].



Several other compounds, generally of low molecular weight, found in foods of plant origin have been identified for their biological function possibly through epigenetics reprogramming. These so-called phytochemicals were classified as: polyphenols, phytosterols, terpenoids, alkaloids, and other compounds (including glucosinolates, proteinase inhibitors, etc.).



A role in human health in the prevention of aging and age-related diseases such as diabetes, osteoporosis, cancer and cardiovascular disease has been claimed, likely due to their anti-inflammatory, antioxidant, neuroprotective, chemo-preventive agents. Many review fully covered this topic [37,38] we only mention some of them for their clear role in epigenome regulation.



Spermidine has been identified as an autophagy-inducer in several model organisms and many beneficial effects have been attributed to spermidine supplementation [39]. The molecular mechanism of its action has been linked to inhibition of protein acetyltransferases [40]. Spermidine is produced by the body, but it can also be produced by the intestinal microbiota. Unfortunately, the self-production of spermidine tends to diminish during aging and supplementation with spermidine-containing foods such as wheatgerm, mushrooms, soybeans, aged cheese and others become useful to counteract the incidence of age-related diseases. Inhibition of Histone acetyltransferase (HAT) has been observed after spermidine administration in several model systems. This effect is accompanied with increased resistance to multiple stresses and increased longevity [40]. Recently it was demonstrated in a mice model of amyotrophic lateral sclerosis that spermidine administration restored H3K4me2 levels delaying the onset of the disease and ameliorating the performances of affected mice [41]. Mechanistically it was demonstrated that polyamines treatment increases translation of GCN5 and HAT1 through miR-7648-5p and the 5’-UTR of GCN5 mRNA interaction [41].



Many other molecules have been identified for their ability to affect the epigenome, between them the epigallocatechin gallate (EGCG) from the green tea has been one of the best characterized. It is an inhibitor of the DNMT and HDAC. Targets include histones H3 and H4, NF-kB, IL-6, SUZ12/HAT, HDAC, HMT, P16INK4a, RNRβ, RECK1, hTERT, WIF-1, RXRα, RXRβ, CDX2/DNMTI, Bcl-2. Many positive biological effects have been associated with EGCG treatment such as cancer prevention, diabetes prevention and cardiovascular diseases prevention [42,43,44].



Broccoli sprouts and cabbages contain the phytochemical phenethyl isothiocyanate, Indole-3-carbinol and diindolylmethane with a role in epigenetics regulation probably affecting HDAC activity [45]. In addition, low doses of sulforaphane associates with human telomerase reverse transcriptase inhibition and DNMTs decreased expression [46].



One of the natural best-studied substance affecting the epigenome is Resveratrol (3,5,4’-trihydroxy-trans-stilbene] [47]. It is contained in peanuts, grapes, wine, especially red, and berries. Longer lifespan has been observed in simple model organisms as well as in mammals after its administration. Dietary supplementation associates with decreased level of inflammatory markers and increased insulin sensitivity [48]. The mechanism involves histone modification, DNA methylation and miRNA expression [49] mainly through modulation of SIRT1 activity [49]. In addition, a mechanism involving NF-kB inactivation and FOXO deacetylation have been suggested as a molecular explanation of EGCG role in prostate and breast cancer protection [50]. Other modulators of SIRT1 are known. Examples are quercetin, curcumin and catechins, identified for their anti-inflammatory properties possibly inhibiting COX-2, iNOS and several adhesion molecules likely through NF-kB and AP-1 suppression [51,52].



Acetylation of H3 and H4 and DNMT regulation has also been demonstrated with curcumin treatment. A mechanism involving SP1, PTEN but also miRNA has been suggested [53,54]. Genistein, a soy isoflavone, inhibits DNMT1 but has also a role in hTERT, SIRT1, p16, p21, PTEN, p53, and FOXO3A regulation through epigenome reshape [24]. However, follow up studies, including clinical trials, have been disappointing so far [55] (Table 2).




3. Dietary Patterns Affecting Epigenome


3.1. Overfeeding


Neonatal overfeeding in Wistar rats altered the methylation status of the promoter of the gene coding for pro-opiomelanocortin (POMC) in the hypothalamus. The promoter was more methylated at the binding sites for the transcription factors Sp1 and NF-κB, causing reduced gene expression.



This result is counterintuitive since the rise of insulin and leptin levels determined by overnutrition are expected to increase POMC expression [56].



The most plausible explanation implies epigenetic programming for the activation of glucocorticoid receptors.



This is supported by the observation that overnutrition in SL kittens increases corticosterone release [57].



It must also be observed that a diet high in sugars and fats induces epigenetic chromatin alterations through cellular metabolism modification, as fats and carbohydrates are converted by mitochondrial energy metabolism and glycolysis into important cofactors such as ATP, acetyl-CoA, SAM, FAD, NAD+ and NADH. These cofactors are used by epigenetic enzymes to regulate processes such as DNA methylation and post-translational modifications of histones [58].



Thus, global and local variations in the concentrations of these cofactors have an effect on the activity of epigenetic enzymes and consequently on the expression of specific genes.



Rathmell et al. proposed a mechanism that is able to explain the involvement of glucose metabolism in histone acetylation. [59].



When glucose meets or exceeds the cell’s energy requirements, it induces an increase in glycolysis, which in turn leads to an increase in citrate synthesis at the mitochondrial level.



The citrate produced in this way can undertake different fates: it can be transported to the cytoplasm, where it is converted into acetyl-CoA by the action of adenosine triphosphate (ATP)-citrate lyase (ACL) and thus serves as a substrate for fatty acid synthesis [60].



Or differently, citrate, being a small molecule, can diffuse into the nucleus through the nuclear pores where, again through the action of ACL, it is converted into acetyl-CoA [26].



In this cellular compartment, acetyl-CoA is used by histone acetyltransferases (HAT) to modify chromatin structure.



In support of this hypothesis, Wellen et al. demonstrated using a small interfering RNA, which silenced ACL, that the amount of global histone acetylation was indeed significantly reduced in several mammalian cell types.



They also showed that the expression of genes involved in the regulation of glucose metabolism was altered [61].



Thus, ACL probably has a key role not only in regulating metabolism but also in regulating epigenetic modifications by providing the necessary substrate for histone acetylation [58,59,60].




3.2. Calorie Restriction


Calorie restriction without malnutrition is a dietary treatment where a 20–40% reduction in calorie uptake is not accompanied with nutrient deficiencies. First discovered by McCay in 1935 as capable to increase lifespan up to 40% in rats [62], this treatment increases the lifespan in all model systems tested, from yeast to monkeys [63] and systemic health benefits are also observed in humans [64].



Accumulating evidence in cell cultures and several model systems strongly suggest the ability of calorie restriction without malnutrition to positively impact the detrimental effects of aging process delaying or even avoiding age-associated-diseases like cancer, cardiovascular diseases and diabetes thus resulting in lifespan extension [65]. However, despite the clear metabolic effect and its consistency in every model system from unicellular yeast to monkey, the mechanism by which this remarkable effect is obtained remained somehow elusive [66]. Recent evidence suggests that CR can exerts its effects modulating the mTOR and insulin/IGF1 signaling pathways, DNA methylation and histone deacetylation [67].



Both DNA methylation and post-translational modifications of histones are affected by CR [67].



Older rats treated with CR showed an epigenetic pattern like their younger counterpart suggesting a rejuvenation of the epigenetic pattern during short term calorie restriction, [68]. Alteration of whole blood DNA methylation was observed in obese subjects after calorie restriction and clinical trials have confirmed the efficacy and the involvement of epigenome reshape. Participants underwent weight loss, reduced inflammation and improved cardiometabolic health [68]. Larger studies on non-obese subjects have confirmed the altered epigenome observed in obese subjects. More in depth analysis revealed the involvement of genes responsible for insulin production, inflammation, glucose tolerance, and some signal transduction pathways during calorie restriction treatment [69]. It is interesting to note that in Drosophila melanogaster, offspring of dietary restricted showed increased body weight, resistance to multiple stresses and longer life [70].



A global DNA demethylation accompanied with hypermethylation of some promoter regions has been observed during aging [71,72]. It has been suggested that CR delays aging rescuing DNA methylation pattern associated with aging. An example is the observation that the Ras protooncogene is hypermethylated in response to CR in pancreatic acinar cells with a mechanism based on DNMT [73].



In vitro experiments associated glucose restriction, a condition resembling calorie restriction, with hypermethylation of the promoter region of the gene coding for p16INK4a impairing the binding site for E2F-1 [74]. p16INK4a is considered a marker of senescence and aging since its expression increases in tissues overtime [75] and thus the CR-associated downregulation of p16INK4a is a likely cause of the longer lifespan observed.



On the contrary immortalized lung fibroblasts increases p16INK4a expression when calorie restricted, suggesting that normal and cancer cells respond to calorie restriction differently.



An increase in the activity of histone deacetylases (HDACs) is also observed, suggesting that global deacetylation may play a protective role against metabolic stress and may thus prevent those cellular mechanisms, such as oxidative stress and DNA damage, that underlie aging [76].



Moreover, CR increases intracellular NAD+ concentrations resulting in the activation of a class of NAD+-dependent histone deacetylases (HDACs) known as Sirtuin 1 (SIRT1) [77].



SIRT1 (mammals) and its orthologues in other species, such as SIR2 in yeast, are believed to be key regulators of aging and mediate the action of CR in extending lifespan by increasing resistance to oxidative stress and influencing the DNA repair processes [78]. Recent studies in mice identified around 2000 loci undergoing variation on H3K27ac in response to CR treatment with 850 loss and 1372 gain regions. A combination of metabolomic and subsequent gene ontology analysis pointed to fatty acid and metabolism of carbohydrate as the main target of this epigenetic remodeling and interestingly demonstrated that it was partly dependent on gut microbiota modification upon CR treatment [79].




3.3. Ketogenic Diets


It consists of a group of diets with a very low carbohydrate amount, counterbalanced by high fat and normal protein level. The goal of this macronutrient ratio is to trigger the usage of fat instead of glucose as the main cellular fuel. Ketogenic diet (KD) is accompanied with an increase in beta-hydroxybutirate concentration, the major ketone body in animals whose urinary level is used to monitor the metabolic change expected during KD. Historically this dietary approach was used to treat drug-resistant pediatric epilepsy. Interestingly it was also demonstrated that KD has a protein-sparing effect resulting in reduced muscle protein breakdown and ultimately sparing body lean mass during diet. The resulting decrease in insulin level caused by carbohydrate depletion stimulates gluconeogenesis to fuel the brain and eventually increases the usage of liver-produced ketone bodies by all tissues including the brain. In addition, the anorexic properties of ketone bodies reduce the hunger increasing the patient’s compliance. Increasing evidence suggests that metabolic effects observed in response to ketogenic diets are dependent on epigenome reshape. A study on methylome after KD in obese subjects comparing 850,000 CpG identified around 800 genes whose methylation pattern was reverted by KD to that of non-obese subjects. Most of the genes identified are involved in metabolic processes, muscle development and metabolism of proteins [80].




3.4. Intermittent Fasting


Intermittent fasting encompasses three different dietary treatments, alternate day fasting, 5:2 diet and time restricted feeding. In the first approach a fast day, with zero to severely restricted calorie uptake, is alternated with an ad libitum calorie day. The 5:2 is a modified version of the alternate day fasting consisting of 2 days fasting weekly. Finally, the time restricted feeding suggests concentrating the food uptake within a limited number of hours, typically ranging from 4 to 8. There is a large amount of literature suggesting alternate day fasting ameliorates metabolic performances and induce stable weight loss [81]. Although promoter DNA methylation pattern appears relatively stable, robust oscillation in histone modifications have been associated with circadian rhythm leading to transcriptional waves of selected genes. Binge eating, night shift and eating for prolonged time of the day alter this circadian rhythm while time restricted feeding is capable to restore it, positively affecting health biomarkers and leading to reduced body weight [82]. In addition, a recent study on the metabolic effects of time restricted feeding identified 14 miRNA whose expression level were affected by the treatment. Gene onthology revealed between them the usual culprits like glucose response, autophagy and cellular senescence pathways [83].




3.5. Heritage of Dietary-Induced Epigenome


Epidemiological observations, made in several experimental systems as well as in humans, suggest that the environment during fetal development can modulate the risk of developing several diseases such as hypertension, diabetes, obesity and altered lipid profile [84,85,86,87]. The related mechanism points to epigenetic alteration as a possible molecular explanation. One of the first clue of dietary-induced epigenome heritability comes from the observation that rat mothers fed with a low protein diet (9% vs 18%) had fetuses with reduced growth accompanied with DNA hypermethylation in hepatocytes [87].



Low protein diet during pregnancy was also associated with hypermethylation of the promoter of the gene coding for the liver oxysterol receptor α in the offspring. This altered methylation pattern was responsible for the reduced expression of this gene in the liver eventually leading to altered cholesterol metabolism. In fact, its altered expression caused reduced expression of Abca1, Abcg5 and Abcg8 genes with impaired efflux of cholesterol and plant sterol into the bile [88]. Methylation sensitive PCR experiments revealed also hypomethylation of glucocorticoid receptor (GR) and peroxisome proliferator-activated receptor α (PPAR α) in the offspring of protein-restricted rat mothers which was interestingly reverted by folic acid supplementation [89] thus enhancing the role of the 1-carbon metabolism in regulating methylation of DNA [90]. The resulting altered expression of PPAR α had several metabolic consequences since the reduced conversion of cortisone to cortisol, due to the PPAR α-dependent inhibition of the 11 β-HSD-1 enzyme, altered carbohydrate, lipid and protein metabolism [91,92,93,94]. This transgenerational transmission of epigenetic pattern resulting from low protein diet was also observed in F2 generation [93,94].



Beside low protein diet, high-fat maternal diet during pregnancy altered the methylation pattern of dopamine and opioid-related genes in the offspring [95,96].



The resulting altered expression of these genes leads to an increased risk of the onset of obesity and metabolic syndrome. High fat diet during pregnancy leads to increase in fetal fat mass with epigenome modification of the hypothalamus affecting body weight and energy management mainly through leptin receptor modification, neuropeptide y and POMC alteration [96].





4. Conclusions


Aging and disease susceptibility are highly complex phenotypes. Twin studies suggest a 25% contribution of genetics to longevity thus leaving a 75% to non-heritable determinants [97]. This observation stressed the search for lifestyle interventions capable to positively impact on longevity. Nutrition is certainly a major component as suggested by the relation between single nutrient administration or diet regimens and chronic-degenerative diseases [98,99,100] and by the observation that dietary intervention such as calorie restriction without malnutrition may increase the longevity up to 40% in mammalian model systems [101].



The mechanisms by which single nutrient administration or diet regimens may exert this ability is not fully understood but the observation that nutrients, like phytochemicals or diet regimens such as calorie restriction, time restricted feeding or ketogenic diet, may impact on epigenome, regulating thus gene expression, opens to the possibility that nutrition may affect the aging-driven derangement rewinding the epigenetic clock. However great part of the picture is still missing, larger clinical trials are in fact needed to evaluate the efficacy of the different dietary patterns in modulating the epigenome in different populations. Safety and efficacy must also be determined in health and disease and the possibility that specific alleles may regulate the epigenome modulation by nutrients availability ascertained. Additionally, most of the effects of the mentioned phytochemicals were characterized in vitro or in small animals and need to be confirmed in humans. Interestingly. the recent large validation of the epigenetic clock as a measure of biological vs. chronological aging may be a useful marker to further identify which nutrients and diet regimens are capable to positively counteract the aging-driven epigenome derangement.
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Figure 1. The multiple effects of vitamin D. The interaction between vitamin D and its receptor (VDR) induces the latter to switch from the corepressor to the coactivator-bound form. Activated VDR acts at multiple levels to modify chromatin status: CTCF activation, histone post-translational modification and chromatin’s 3D structure. 
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Table 1. Metabolism–epigenome machinery relationship.
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	Enzyme:
	Function
	Cofactor
	Substances Affecting Cofactor Availability
	Reference





	DNMTs
	Methylation of DNA
	SAM
	Met, Folate, Homocysteine

Glycolysis, Pentose Pathway

Folate, B6, B12, Riboflavin, Betaine,

Choline, Glycine
	[11,12,13,14,15]

[11,21,25]



	Demethylases
	Demethylation of DNA
	a-KG
	Krebs cycle, BCAA, Glu, Ser, Asp
	[11,21,25]



	TET enzymes
	Oxidation of methylated DNA
	a-KG
	Krebs cycle, BCAA, Glu, Ser, Asp
	[11,21,25]



	HAT enzymes
	Histone acetylation
	acetyl-CoA
	Glucose, acetate
	[26]



	HDAC enzymes
	Histone deacetylation
	NAD+
	glucose, ketosis, calorie restriction
	[27]










 





Table 2. Principal phytochemical with epigenetic targets.
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	Substance
	Target
	Reference





	Polyamines
	miR7648
	[39,40,41]



	EGCG
	DNMT and HDAC
	[30,42,44]



	Phenethyl
	
	



	Isothiocianate
	HDAC
	[30,45]



	Sulforaphane
	Telomerase, DNMT
	[30,45]



	Resveratrol
	SIRT1
	[30,47,49,50]



	Curcumin
	DNMT, SIRT1
	[30,53,54]



	Genistein
	DNMT, SIRT1, hTERT
	[30]
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