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1. Aging 

Aging is the natural process during which structural and functional changes accumulate in an 

organism as a result of the passage of time. These changes manifest as a decline from the 

organism’s peak fertility and physiological functions until death. In the last decades, the 

improvement in quality of life and scientific and technological advances have considerably 

increased life expectancy. This fact, together with the decline of fertility rates in some countries is 

causing a considerable shift in the distribution of population towards older ages. In fact, according 

to the World Health Organization, the number of people over 60 years around the world has 

doubled since 1980, and is expected to triple from 600 million in 2000 to about 2 billion people in 

the year 2050. As we live longer, the associated increase in age-related chronic diseases, such 

as dementia, is becoming a major public health concern and the governments and scientific 

community are placing great efforts on addressing this question. Hence, slowing or reversing 

brain aging by only a small fraction could delay age-related neurodegeneration and dementia, 

having a significant impact on the quality of life of seniors and their caregivers (1,2). Therefore, it 

is essential to study (1) the mechanisms involved in the aging process; (2) strategies to reduce 

their pathological symptoms, preserve cognitive integrity and promote healthy aging; and (3) to 

identify biomarkers of age-related disorders to diagnose and monitor disease progression. 

1.1 Molecular and cellular hallmarks of aging 

Several cellular and molecular age-dependent changes are manifested across multiple species, 

tissues, and cells during normal aging and can be considered hallmarks of this process: genomic 

instability, telomere shortening, loss of proteostasis, deregulated nutrient sensing, mitochondrial 

dysfunction, cellular senescence, stem cell exhaustion, altered intercellular communication and 

epigenetic alterations (3). Their aggravation normally leads to accelerated or pathological aging 

while their amelioration may retard the normal aging process and further increase healthy 

lifespan. However, it remains elusive whether such hallmarks are a cause or consequence of the 

aging process. In the following sections, these aging-related hallmarks are briefly described. As 

one of the main goals of this thesis is the study of the epigenetic alterations in the context of aging 

and AD, the connection between epigenetics and aging is explained in more detail in the sections 

3.2.2, 3.3.4 and 3.4.3.  

1.1.1 Cellular senescence  

 

Cellular senescence can be defined as a stable arrest of the cell cycle (4,5), capable of affecting 

the regenerative potential of the tissue  (6,7). There are several factors that can trigger cellular 

senescence including DNA damage (8) and excessive mitogenic signaling (9). It is thought that 

the primary purpose of senescence is to prevent the propagation of damaged cells and to trigger 

their extinction by the immune system. In the aged organisms, there is an accumulation of 

senescent cells due to an increase in their rate of generation, a lack of mobilization of progenitors 

to re-establish cell numbers, and a decrease in senescent cells rate of clearance (for example, 
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as a consequence of an attenuated immune response) (3). This phenomenon has a number of 

deleterious effects on tissue homeostasis that contribute to aging such as the loss of structure 

and organization of the adjacent cells due to the secretion of matrix metalloproteinases, 

proinflammatory cytokines and chemokines (10–14).  

  

1.1.2 Telomere shortening  

 

Telomeres are heterochromatin structures located at the end of the chromosomes, whose 

function is to protect them against degradation and repairing mechanisms (15,16). Telomeres are 

comprised by tandem repeats of the nucleotide sequence TTAGGG and a 6-protein complex 

known as shelterin (17–19). The DNA polymerase responsible for synthesizing and replicating 

completely these terminal ends of linear DNA is the Telomerase (20). Most mammalian somatic 

cells do not express telomerase (19) leading to the progressive and cumulative loss of telomere-

protective sequences from chromosome ends. In fact, normal aging is accompanied by telomere 

shortening, which causes loss of stem cells functionality, affecting tissue renewal and function 

(21–23), and induces cellular senescence as a consequence of the activation of the DNA damage 

response machinery that recognizes the end of chromosomes as double-strand breaks (24,25). 

Shortening of telomeres and changes in telomerase expression and activity have been described 

in chronic diseases such as cognitive decline (26,27), Alzheimer’s disease (AD) (28), or chronic 

hepatitis (29,30). 

 

1.1.3 Stem cell exhaustion 

 

The decline in the regenerative potential of tissues is one of the most obvious characteristics of 

aging: stem cells are critical to the regeneration of many tissues and with age, the capacity of 

these cells to self-renew and produce progeny declines (31,32). It is thought that human 

neurogenesis contributes to cognitive function and, consequently, it is possible that the age-

related decline in neurogenesis results in reduced brain function (33). In fact, different models of 

age-related diseases, such as AD, exhibit a reduction in neural progenitors and neurogenesis 

(34).  

 

1.1.4 Mitochondrial dysfunction  

 

It has been proposed that mitochondrial function becomes perturbed by aging-associated 

mitochondrial DNA mutations, reduced mitochondriogenesis, destabilization of the electron 

transport chain complexes, altered mitochondrial dynamics, or defective quality control by 

mitophagy (an organelle-specific form of macroautophagy that targets deficient mitochondria for 

proteolytic degradation) (35,36). These phenomenon can lead to increased production of ROS, 

general decrease in mitochondrial enzymatic activity, loss of mitochondrial bioenergetic function 

(increasing electron leakage and reducing ATP generation), and subsequent cellular 
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degeneration (37–40). Notably, age-related diseases such as AD are characterized by 

mitochondrial damage, reduced expression of mitochondrial enzymes, and reduced number of 

normal-appearing mitochondria in the brain of patients (41–46). 

  

1.1.5 Loss of proteostasis 

Proteostasis involves mechanisms for the stabilization of correctly folded proteins—most 

prominently, the heat shock family of proteins—and mechanisms for the degradation of proteins 

by the proteasome or the lysosome (47–50). Moreover, there are specific regulators of age-

related proteotoxicity (e.g.  MOAG-4) (51). Changes in any of these pathways have been 

implicated in aging and age-related loss of protein homeostasis, leading to protein accumulation 

and aggregation, and resulting in proteotoxic effects. Indeed, neurodegenerative diseases such 

as AD or Parkinson’s disease (PD) are largely characterized by accumulation of protein deposits 

(amyloid plaques, neurofibrillary tangles, alpha-synuclein) and strong evidence points to a causal 

role for protein dyshomeostasis (47). 

1.1.6 Genomic instability 

The integrity and stability of DNA are continuously challenged by exogenous physical, chemical, 

and biological agents, as well as by endogenous threats, including DNA replication errors, 

spontaneous hydrolytic reactions, reactive oxygen and nitrogen species (ROS and RNS) and 

DNA repairing deficiencies (52). One common denominator of aging is the accumulation of 

genetic damage in nuclear and mitochondrial DNA (somatic mutations, translocations, 

chromosomal gains and losses, gene disruption caused by the integration of viruses or 

transposons, defects in the nuclear lamina, etc) (52–55). In fact, DNA damage and alterations in 

cellular DNA repair capacity have been implicated in the brain aging process and in age-

associated neurodegenerative diseases, including AD (56).  

1.1.7 Deregulated nutrient sensing 

The deregulation of several related and interconnected nutrient sensing systems has been 

extensively associated with aging and lifespan in both humans and animal models. These 

systems include the IGF-1 and insulin signaling pathways, which participate in glucose sensing 

by promoting cellular glucose uptake through insulin-sensitive transporters; the mTOR system, 

which is involved in the sensing of high amino acid concentrations; the AMPK pathway, which 

senses low-energy states by detecting high AMP levels; and the sirtuins, which sense low-energy 

states by detecting high NAD+ levels (57,58).  

1.1.8 Altered intercellular communication and inflammation 

Communication between cells of the same type, the same tissue, or across tissues is directed by 

numerous proteins, peptides and lipid mediators. As the organism ages, there are dramatic 

changes in the composition of this network, and thus aging-related changes in one tissue can 

lead to aging-specific deterioration of other tissues (3). Aging-associated alterations in 
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intercellular communication include ‘‘inflammaging,’’ (a chronic, low-grade proinflammatory 

phenotype that accompanies aging cells in mammals), neuroendocrine dysfunction, 

immunosenescence (adaptive immune system decline), and senescent cells inducing 

senescence in neighboring cells via gap-junction-mediated cell-cell contacts and processes 

involving ROS (59–64). In fact, alteration of intercellular communication and inflammation is found 

in normal brain aging, but it seems to be aggravated in AD and other age-related diseases (65).  

1.1.9 Epigenetic alterations 

Numerous studies have highlighted that aging is accompanied by epigenetic changes and that 

epigenetic perturbations can trigger progeroid syndromes in experimental models (66–68). 

Epigenetic regulation of gene expression also has a critical role in memory and learning and may 

thus assume a particularly important role in the aging brain. In fact, age-related diseases such as 

AD or PD exhibit alterations in epigenetic mechanisms which are thought to contribute to the 

associated cognitive dysfunction (69–71).  

1.2 Brain aging and AD 

Cells of the nervous system are particularly affected by aging as indicated by the decline of 

sensory-motor and cognitive functions with time. Thus, aging changes the adult brain both 

structurally and functionally, facilitating and accelerating cognitive impairments and susceptibility 

to degenerative disorders (1,72,73). Indeed, aging remains the single most predominant risk 

factor for dementia and related neurodegenerative diseases. Some authors support the idea of a 

continuum from brain aging to AD, which is susceptible to genetic, epigenetic, and environmental 

influences. Indeed, characteristic pathological changes of AD are also present in the natural 

physiological aging process, but with a different severity. For instance, a great number of elderly 

individuals without cognitive decline show a reduction in the volume and brain weight and loss of 

synapses and dendrites, accumulation of β-amyloid peptide (Aβ) and breakdown of myelin in 

certain areas (74–76). Consistent with this, several studies indicate that the differences between 

normal aging and AD are quantitative rather than qualitative (77). 

Overall, it seems that boundaries between aging and disease are largely fluent, and influenced 

by numerous risk and protective factors throughout life (72,78–80). To what extent aging 

processes underlie or promote neurodegenerative disorders such as AD remains unclear but it is 

very much believed that the study of the aging brain will provide additional insights into the 

mechanisms underlying this disease. Accordingly, here in this thesis we have employed models 

of pathological aging, high-risk of AD and preclinical AD for acquiring more in-depth knowledge 

of early age-related processes leading to neurodegeneration.   
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2 Alzheimer’s disease 

2.1 General description of AD  

AD is an age-related neurodegenerative disorder and the leading cause of dementia. It is clinically 

characterized by a progressive impairment of cognitive functions (i.e. memory, reasoning, 

language, emotional control) eventually incapacitating for daily life activities. Nowadays, AD is 

one of the biggest global public health challenges. The number of people living with dementia 

worldwide today is estimated at 44 million, set to almost double by 2030 and more than triple by 

2050. The global cost of dementia was estimated in 2010 at US $604 billion, and this is only set 

to rise. Therefore, the increasing global prevalence of AD will pose a huge impact not only on the 

patients and their families, but also on the public healthcare and financial systems (81–83).   

AD can be divided into Familial AD (FAD), characterized by a specific genetic predisposition, and 

sporadic AD, with no familial inheritance. FAD cases are predominantly younger than 65 years 

old (normally corresponding to early onset AD, EOAD) and accounts only for 2-3% of all AD 

patients, whereas more than 90% of the AD patients are sporadic and usually with an age over 

65 (normally corresponding to late–onset AD, LOAD). Clinicians and investigators in the field 

suggest that similar pathological mechanisms are involved in the development of FAD and 

sporadic AD since both types are often clinically undistinguishable (84,85). FAD is usually caused 

by high penetrant autosomal dominant mutations in one of the following three genes: amyloid 

precursor protein (APP) (accounting for 10-15% of FAD cases), presenilin 1 (PSEN1) (accounting 

for 30-70% of FAD cases) and presenilin 2 (PSEN2) (accounting for less than 5% of FAD cases). 

Mutations in these genes affect the production of amyloid β (Aβ) recognizing the importance of 

this amyloidogenic peptide in AD pathogenesis (86,87). The sporadic form of AD appears to be 

etiologically more heterogeneous and complex, likely resulting from a combination of genetic and 

environmental factors (88).  

2.2 Genetic and environmental risk factors of sporadic LOAD 

To date, the best known genetic risk factor for sporadic AD is the ε4 allele of the apolipoprotein E 

(APOE) gene. It has been described to increase the risk of developing AD by about 3-fold or 

greater than 10-fold when carrying one or both APOEε4 copies, respectively (89,90). In contrast, 

the APOE ε2 allele is thought to have a protective effect (OR = 0.6) and to delay the age of onset 

(89,91). Although other functions such as transport and metabolism of lipids have also been 

postulated, numerous works indicate that APOE protein is involved in the clearance of Aβ (92–

94). At least 21 additional genetic risk loci have been associated with risk for LOAD thanks to 

Genome Wide association studies, massive parallel resequencing and the International 

Genomics of Alzheimer’s Project. These are often located in genes regulating inflammation, 

oxidative stress, cholesterol and lipid metabolism and endosomal vesicle cycling, among others 

(a complete list is available at http://www.alzgene.org). For instance, a variant of Triggering 

Receptor Expressed On Myeloid Cells 2 (TREM2) gene has been recently identified as an 

important risk factor for late-onset AD. TREM2 is a protein found in microglia, which might be 
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involved in the clearance of apoptotic damage in neuronal tissue as well as in the development 

of an anti-inflammatory response (95).  However, none of these risk loci has an effect on AD risk 

with the magnitude of APOE ε4 and in some cases replication of these associations has been 

inconsistent (86,96).  

Alternatively, there is increasing evidence of non-genetic risk factors that may influence the 

development of clinical AD such as age, past head trauma, gender (with higher incidence in 

women than men), cardiovascular risk factors, and environmental and lifestyle-related risk factors 

(97–101). According to many longitudinal studies, cardiovascular risk factors include 

hypertension, hypercholesterolemia, (midlife) obesity, hyperhomocysteinemia (HHcy), high blood 

triglycerides, diabetes mellitus, cardiovascular and cerebrovascular diseases. Likewise, 

environmental and lifestyle related risk factors include low education and lack of intellectual 

activity (reflecting  reduced cognitive reserve), physical inactivity, heavy midlife smoking and high 

alcohol consumption, diet rich in saturated fats, low vitamins and antioxidants intake, nutritional 

deficiencies, social isolation and chronic stress. These observations are mainly supported by 

recent epidemiological studies on lifestyle modifiable risk factors (97–101).  

As a whole, AD is now recognized as a complex multifactorial disease attributable to several 

interrelated and interacting genetic and environmental factors (Fig. 1). Of particular interest for 

this thesis are physical exercise and diet as factors influencing AD.  

 

 

 

Fig. 1 Principal factors influencing healthy aging or a pathological aging with higher risk of AD.  
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2.3 AD pathogenesis 

AD is characterized by a severe loss of neurons and synapses in the entorhinal/perirhinal cortex 

(early lesions), hippocampus, association cortex, and eventually in the primary neocortex (102). 

This neurodegeneration is not limited to a specific neurotransmitter system and glutamatergic, 

cholinergic, serotonergic, adrenergic, and peptidergic circuits are all deregulated in AD (103–

107). At the neuropathological level, the main hallmarks of the disease are the formation of two 

protein aggregates involved in the progressive degeneration of neurons: intracellular 

neurofibrillary tangles (mainly composed by Tau protein filaments) and extracellular senile 

plaques (generated by the deposition of Aβ) (108,109).  

2.3.1 Tau and neurofibrillary tangles (NFT) 

Tau is a microtubule-associated protein involved in the stabilization of microtubules, one of the 

major components of the neuronal cytoskeleton that provides structural support to neurons and 

regulate important cellular processes such as transport of molecules or cell division (110). The 

association of Tau to microtubules relies on its phosphorylation state. Hyperphosphorylation of 

Tau leads not only to a disorganization of the microtubule structure but also to a self-aggregation 

of the protein and subsequent formation of NFT (110,111) (Fig. 2). According to cellular and 

animal models, the presence of Tau aggregates induces cell death and loss of synapses through 

different mechanisms including disruption of axonal transport, oxidative stress, mitochondrial 

impairment or DNA damage (112). Several kinases are involved in Tau (hyper)phosphorylation 

including the GSK3β (113,114). Interestingly, the formation of NFT is correlated with the 

development of cognitive deficits in AD, indicating an important role of Tau aggregates in the 

development of dementia (115,116). It is important to note that Tau lesions and the consequent 

defects on microtubule integrity are also a hallmark of other neurodegenerative dementias named 

Tauopathies, such as frontotemporal dementia (117). Nevertheless, the exact mechanism 

initiating abnormal Tau hyperphosphorylation in AD and other Tauopathies remains unknown.  

2.3.2 Aβ and senile plaques 

Senile plaques are one of the main AD hallmarks and are mainly found in the extracellular space 

of the brain parenchyma and in the cerebral vessel walls (cerebral amyloid angiopathy (CAA)). 

These plaques are composed by Aβ peptides, which accumulate and self-associate in various 

assembling forms, ranging from soluble aggregates (oligomers) to insoluble fibrils (108,118). 

Several studies have proposed that Aβ oligomers, rather than fibrillar Aβ forms, mediate the 

neurotoxicity observed in AD tissue (119,120) (Fig.2). At the same time, amyloid associated 

proteins such as agrin, APOE (92), complement activation factors or pro-inflammatory cytokines 

and interleukines, can be located in senile plaques and influence the aggregation and toxicity of 

Aβ (121,122). Aβ is produced in neurons after a regulated intramembrane proteolysis of APP by 

β- and γ-secretases (123) (Fig. 2): APP is first cleaved by β-secretase 1 (BACE1), leading to the 

release of the sAPPβ fragment. The remaining membrane-bound fragment (C99 APP) is further 

cleaved by γ-secretase, leading to the release of Aβ peptide. The γ-secretase is a multimolecular 
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complex including, among others, PSEN1 and PSEN2. Different Aβ forms have been described 

depending on the exact cleaving site of the γ-secretases and the subsequent length of the Aβ 

peptide, being Aβ 1-40 (Aβ40) and 1-42 (Aβ42) the most common peptides. Although Aβ40 is the 

most abundant form in the brain and likely reflects Aβ production, Aβ42 is highly amyloidogenic 

and sets the seed for amyloid plaque formation. APP can also be proteolysed via a non-

amyloidogenic proteolytic pathway in which it is cleaved by α-secretase leading to non-toxic 

species (Fig. 2). Two fragments are released, the larger ectodomain (sAPPα) and the smaller 

carboxy-terminal fragment (C83). C83 can undergo an additional cleavage mediated by γ-

secretase to generate P3. The cleavage site of α-secretase resides within the Aβ domain, thus 

preventing the generation and release of the Aβ peptide. The major α-secretase protein identified 

in APP processing is ADAM Metallopeptidase Domain 10 (ADAM10). The underlying mechanism 

that determines whether APP is cleaved by α- or β-secretase remains unknown. On the other 

hand, different processes are involved in the clearance of Aβ from the brain (124). Those 

mechanisms include the transport of Aβ through the blood-brain-barrier (BBB) as well as its 

degradation via specific proteases such as the insulin degrading enzyme or via nervous 

phagocytic cells such as microglia. In fact, clearance of Aβ is decreased in the brain of sporadic 

AD patients, indicating that the mechanisms involved in the Aβ clearance are impaired in AD 

pathogenesis (124). However, it remains unclear whether the accumulation of Aβ in sporadic AD 

cases results from an overproduction of this amyloidogenic peptide, a decrease in its clearance 

or a combination of both mechanisms.  

2.3.3 The amyloid cascade hypothesis 

Over the last two decades, several hypotheses have been proposed to explain this multifactorial 

disorder (i.e. cholinergic hypothesis, Aβ hypothesis, Tau hypothesis and inflammation hypothesis) 

(125). Although the etiology of AD remains unknown, the prevailing theory about AD pathogenesis 

is the amyloid cascade hypothesis, which suggests that the accumulation of specific Aβ oligomers 

is the key event ultimately leading to neurodegeneration (126–129) (Fig. 2). According to this 

hypothesis, an imbalance between production and clearance of Aβ peptide (130) triggers the 

spontaneously aggregation of Aβ peptides into soluble oligomers and the consequent formation 

of insoluble beta-sheet conformation fibrils that are eventually deposited in diffuse senile plaques 

(131). Recent studies have shown that Aβ42 oligomers are produced by cooperative activities of 

both neurons and astrocytes (132). It has been observed that these oligomers are able to induce: 

oxidative stress; oligondendrocyte and myelin destruction due to damage in cholesterol rich 

membranes; Tau hyperphosphorylation; inflammation through the activation of microglia, 

overactivation of several neurotransmitter receptors (excitotoxicity), and mitochondria and 

synapses dysfunction (108,125,133–135). In addition, these oligomers are known to exert part of 

its toxicity by binding to many cellular receptors and activating several intracellular signaling 

pathways (i.e. Wnt/β-Catenin, insulin, MAPK, and Toll-like receptor signaling pathways) (134) 

(Fig. 2). In turn, Aβ42 senile plaques attract microglia and promote its activation (136), resulting 

in the production and release of more proinflammatory cytokines, including Interleukin 1 β, TNF-
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α, and Interferon-γ. These cytokines stimulate the nearby astrocyte–neuron to produce further 

amounts of Aβ42 oligomers (132). In addition, impaired neuronal signaling affects the proteolysis 

of APP and promotes Aβ aggregation, suggesting the involvement of more than one complex 

positive-feedback loop in the pathogenesis of the disease. The amyloid cascade hypothesis is 

supported by the increased Aβ load found in FAD (137–139) and by the genetic risk factors related 

to sporadic AD (i.e. APOEε4, clusterin, or complement component (3b/4b) receptor 1), which are 

genes encoding proteins that are likely involved in Aβ clearance (140–142). In addition, some 

neuropathological hallmarks of sporadic AD were replicated in transgenic AD mice models with 

FAD mutations (143,144) and recent results from a clinical trial using an Aβ antibody 

(Aducanumab from Prime study) revealed a reduction in Aβ plaques together with a slowdown in 

patients cognitive impairment (145). However, the exact mechanism by which amyloidosis may 

facilitate some of the mentioned pathological consequences remains to be elucidated. 

 

Fig 2. Diagrammatic presentation of APP processing pathways and the neurotoxic mechanisms 

of Aβ oligomers leading to cognitive dysfunction. Red and green arrows indicate the 

amyloidogenic and the non-amyloidogenic pathways, respectively. α, β, and γ stand for α-

secretase, β-secretase and γ-secretase, respectively. NFTs stands for neurofibrillary tangles.  

2.3.4 Other mechanisms involved in AD pathology 

Increasing evidence suggests that amyloid cascade hypothesis does not account for the complex 

pathophysiology of the disease (131) and many scientists suggest that Aβ aggregates might be 

disease bystanders rather than the cause of the disease (146,147). For example, deposition of 

Aβ in senile plaques is also observed in normal aging, its correlation with neuronal loss is not 
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strong (148,149), and the presence of aggregated extracellular Aβ was not sufficient to induce 

cognitive deficits in a transgenic mouse model (150).  

Recent evidence implicates the participation of adaptive responses to stress within the 

endoplasmic reticulum (ER) in AD process, via a pathway known as the unfolded protein response 

(UPR) (151). The presence of misfolded proteins (i.e. Aβ and Tau in AD) induces an adaptive 

reaction in the ER and the subsequent activation of the UPR in order to restore unfolded protein 

load and cell homeostasis. However, failure to restore proteostasis and the chronic activation of 

the UPR can 1) initiate an apoptotic cell signaling cascade leading to cell death, and 2) promote 

the activation of GSK3β and the phosphorylation of Tau. Increased expression of UPR markers 

has been observed in early stages of AD, and decreasing the levels of different UPR related 

proteins is shown to improve cognitive deficits and neurodegeneration in transgenic mice models 

of AD (152).  

Similar to the UPR, inflammation is an adaptive response to harmful stimuli, but prolonged 

activation of the inflammatory process may also play a role in the neurodegenerative process 

(135). Recent Genome Wide association studies identified significant correlations between 

polymorphisms in genes of the innate immune system and incidence of LOAD (153–155). 

Moreover, inflammatory molecules, such as cytokines and interleukins (e.g. TNFα) or 

complement factors, are abundantly present in affected brain areas and in plasma of patients with 

AD. They can also be detected during early stages of AD, and can be associated with Aβ plaques 

development and cognitive dysfunction (88,135).  

Finally, the involvement of other mechanisms such as epigenetic changes in AD pathogenesis  

has been proposed during the last years (156). Lunnon et al. and De Jager et al. recently 

presented the results of the first two large-scale, epigenome-wide association studies in AD, with 

results being replicated in independent cohorts from both studies (157,158). They found 4 

different gene loci showing methylation changes in brain from AD patients: three of them, Ankyrin 

1, Ribosomal Protein L13 and Rhomboid family member 2, are biologically linked to Protein 

Tyrosine Kinase 2 Beta, a known AD-associated gene, and the fourth, the cadherin gene CDH23, 

is involved in neuronal differentiation. Evidences regarding the contribution of epigenetic 

mechanisms in AD pathogenesis are further discussed in the sections 3.2.2, 3.3.4 and 3.4.3.  

Taken together, the contribution of the different biological mechanisms described above in the 

pathogenesis of AD is undeniable, but it remains unclear whether these mechanisms are 

causative factors of the disease or the result of an ongoing upstream pathological process. 

2.4 AD biomarkers 

Given the incidence and prevalence of AD, the identification of biomarkers is highly relevant to 

diagnose the disease and monitor its progression or treatment effects. Nowadays, primary care 

physician is often the first clinician detecting a patient with cognitive disturbances and a possible 

neurodegenerative disorder. The primary care physician refers the patient to a specialist, which 
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will further assess cognitive and functional abilities using a specific battery of neurocognitive tests 

(MMSE, Mini-Cog, or MoCA, AD8), daily function and behavioral assessment tools (e.g. IADL and 

NPI-Q questionnaires, respectively), among others. If the patient performance matches with a 

potential AD diagnostic (especially if the patient is experiencing early and significant episodic 

memory impairment), the specialist recommends the patient a more rigorous testing, including 

biomarker examination (159,160). The current core biomarkers for AD diagnosis are based on 

the classical AD hallmarks (161–170): 1) a decrease in cerebrospinal fluid (CSF) Aβ42 levels, 

considered to be reflecting brain amyloidosis, together with the increase in CSF levels of total Tau 

(t-Tau) and phosphorylation of Tau at the threonine 181 position (p-Tau), considered to be 

reflecting axonal degeneration and NFT formation; and 2) brain accumulation of Aβ, detectable 

by the Positron Emission Tomography (PET) imaging technique. Despite the existing guidelines, 

absolute levels in CSF and PET biomarkers can vary between laboratories, so that each test 

center establishes their own cut-off standards (160,171). The corresponding values are often 

close to the following: Aβ42 levels (cut-off value <500 pg/mL), t- Tau (cut-off value > 300 pg/mL 

(age < 51 years), >450 pg/mL (age 51–70) or > 500 pg/mL (age > 70), and p-Tau levels (cut-off 

value >75pg/mL) (172–174). However, the diagnostic use of these biomarkers presents some 

limitations. Firstly, they can also be present in cognitive normal subjects and influenced by the 

age of the patient, resulting in loss of sensitivity at higher age where the prevalence of sporadic 

AD is higher (175,176). Secondly, the measurements of the dynamic changes on those 

biomarkers are not sensitive enough, which is a prerequisite for monitoring treatment effects.  

Finally, the invasiveness, complexity, and / or the economic burden of PET and CSF collection, 

render them unsuitable for routine clinical screening (165–170,177).  

In the last years, novel candidate biomarkers from different biological samples (i.e., CSF, whole 

blood, plasma, and serum) for AD have been identified although the initial promising findings have 

not been able to be replicated or validated (164,178). For instance, in recent studies, a panel of 

plasma phospholipids or mitochondrial DNA levels in CSF successfully predicted amyloidosis with 

an accuracy of >90%. However, further validation studies in larger and different populations are 

needed (179,180). The research for the earliest, and most sensitive and dynamic markers of AD 

pathology is still ongoing.  

2.5 AD stages 

During the past decade, a conceptual shift occurred in AD area considering the disease as a 

continuum in which two phases can be distinguished:  

1) A clinical stage (“clinical AD”) defined by the occurrence of the clinical phenotype of AD (either 

typical or atypical) and the evidence of Aβ and Tau pathology (positivity of the two 

pathophysiological biomarkers, Aβ42, t-Tau and p-Tau, by PET or CSF), encompassing both the 

prodromal (including individuals with mild cognitive impairment, MCI) and the dementia stages, 

in which massive neuronal damage has already taken place.   
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2) A preclinical stage (“preclinical AD”), before the onset of the clinical phenotype, including 

cognitively normal individuals showing Aβ42 biomarker positivity in CSF (according to National 

Institute on Aging/Alzheimer Association (NIA-AA) criteria) or PET (according to International 

World Group (IWG) criteria) with or without the positivity of t-Tau or p-Tau CSF biomarkers 

(165,166,181).  

The preclinical phase of AD is considered to start decades before the first clinical symptoms. It 

may provide a critical opportunity for interventions targeting most–at-risk population (both 

pharmacological and non-pharmacological) that are introduced when the potential for 

preservation of brain function is at the greatest.  

2.6 Prevention and treatment of clinical AD 

2.6.1 Pharmacological treatment 

Five drugs are currently being used for treating the cognitive impairment in AD patients. These 

include agents that increase cholinergic activity  (Acetyl-cholinesterase inhibitors) and show a 

modest but variable benefit when the treatment is started at early stages of the clinical phase: 

Aricept® (donepezil), Exelon® (AChEIs-rivastigmine), Reminyl® (Galantamine), and Tacrine® 

(Cognex) (which is rarely prescribed due to its serious side effects on liver); and an NMDA 

receptor antagonist, Memantine®, which is administered in the later stages of the disease (182). 

These drugs can in some cases modestly delay the progression of symptoms associated with 

AD. Unfortunately, at least half of the patients who take these drugs do not respond to them (183). 

Other treatment strategies including γ- and β-secretase inhibitors, vaccination with anti-Aβ 

antibodies, Cu–Zn chelators, and non-steroidal anti-inflammatory drugs are currently being tested 

with promising results in the early phases of clinical trials (108,145). Several secondary prevention 

clinical trials are investigating interventions to prevent, slow down or halt the disease in persons 

with preclinical AD, asymptomatic at risk for AD, or presymptomatic subjects carrying mutations 

related with FAD, using for example, anti-Aβ antibodies (A4, DIAN-TU, API-ADAD, and API-

APOE4 studies) and anti-PPARy agonists (TOMMORROW study) (184).  

2.6.2 Non-pharmacological strategies  

As mentioned earlier, it has been estimated that many AD dementia cases, as well as 

cardiovascular disease, type 2 diabetes and cancer, might be attributable to modifiable risk 

factors. During the last years a shift in the way of addressing health and disease towards a more 

holistic perspective, where the interaction between individual’s genes and environment becomes 

more relevant, is facilitating the development of new strategies based on healthy habits for the 

prevention of age related chronic diseases or the delay of their onset or progression. In this 

context, several studies have suggested that healthy nutrition (185–187), physical exercise 

(185,187–189), cognitive training (190–192) and social stimulation (193,194) can help to prevent 

the symptoms of AD and slow down or postpone the progression of MCI to a clinical AD. Physical 
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and occupational therapy is currently being used in AD clinical patients for helping manage 

activities of daily living (87). Strategies based on physical exercise or diet are further explained in 

the following sections.  

2.6.2.1 Physical exercise 

A growing body of scientific research suggests that physical activity is an effective strategy to 

delay the onset of AD and dementia in healthy older people but also to improve cognitive function 

in patients already showing symptoms of AD (195–203). Most of the current knowledge about the 

potential mechanisms underlying the protective effect of short-to-long term and moderate-to-

vigorous physical exercise has been achieved through different animal models. Overall, 

improvements in brain plasticity, memory and other cognitive functions with exercise are reported 

to be associated with some of the following mechanisms in several AD models: 

1) Energy metabolism and mitochondrial function improvement in the brain and the skeletal 

muscle  (partially by increasing SIRT1 and activating the AMPK pathway) (204–209) 

2) Upregulation of antioxidant enzymes (particularly superoxide dismutase), decreasing the 

production of free radicals (e.g. ROS) in the brain (210) 

3) Upregulation of neurotrophic factors (e.g. BDNF, NGF, IGF), and vascularization factors (e.g. 

VEGFα), facilitating neurogenesis, synaptogenesis and angiogenesis (211–219)   

4) Facilitation of neurite outgrowth  (e.g. through the overexpression of leucine zipper transcription 

factor-like protein 1) (220)  

5) Reduction of APP production and the concentration of brain Aβ plaques in cerebral regions 

involved in cognitive function (221,222)  

6) Reduction of Tau pathology and the associated neurofibrillary degeneration in the 

hippocampus (223–225)  

7) Downregulation of  neuroinflammation (226,227) 

In humans, it has been estimated that high and moderate intensity physical activity decreases the 

risk of cognitive decline in healthy individuals by up to 38 and 35%, respectively (197). 

Interestingly, practicing physical exercise from early ages shows a greater impact (228). Several 

studies have shown an increase in hippocampal volume (188,229,230) and certain regions of the 

cortex (203,231,232) in both  older healthy subjects and early clinical patients after following 

different exercise trainings. An enhancement of the connectivity between cortex and 

hippocampus (233–235), and the vascularization of the hippocampus (216) have been also 

reported. Notably, it has been described a negative association between Aβ burden in subjects 

at risk for AD and their physical exercise engagement in the previous decade (236,237). Although 
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great advance has been achieved, the exact mechanisms underlying physical exercise effects 

are not fully understood, practice guidelines for different health status and disease stages are not 

defined yet, and further research is warranted. 

 

2.6.2.2 Diet 

Numerous studies support an association between diet and AD (238–240). The majority of them 

have focused on detecting associations between adherence to specific dietary patterns and risk 

of developing AD. For instance, there is a major consensus that higher adherence to the 

Mediterranean diet is associated with slower cognitive decline, reduced risk of progression from 

MCI to AD, and reduced mortality in AD patients (241–247). Similarly, several studies have found 

an association of higher intake of fish (248), fruits (249), vegetables, nuts and legumes (250), 

whole grains, wine (251,252), coffee (253–255), and fruit and vegetable juices (256) with AD 

prevention; while others have observed an association between AD risk and consumption of food 

containing high levels of saturated fat and cholesterol (250,257–259). Some works have also 

explored the therapeutic effects of particular natural compounds such as curcumin and resveratrol 

on AD prevention and treatment (260–263). In addition, as reviewed in Yusufov et al. (240), 

numerous studies have examined the association between AD and the consumption of particular 

dietary components. (264–267). For instance, a recent meta-analysis showed significantly lower 

plasma levels of folate and vitamin A, vitamin B12, vitamin C, and vitamin E in AD patients 

compared to healthy aged controls, confirming an association between these nutritional 

deficiencies and the disease (268). In line with this, multimodality brain imaging studies have 

characterized that vitamin B12, vitamin D, and zinc intake is favorably associated with the 

lowering of Aβ load, and, together with vitamins E, A, and C, ω-3, and ω-6 polyunsaturated fatty 

acids, several carotenoids and dietary fibers, they can prevent synaptic loss in AD-vulnerable 

regions. On the contrary, intake of saturated, trans-saturated fats, cholesterol, and sodium, is 

associated with increased synaptic dysfunction and loss in the same regions (269).  

Animal studies have shown that dietary factors can prevent cognitive decline and AD because 1) 

they contain essential components for neuronal functioning such as precursors of 

neurotransmitters and neuronal membrane phospholipids, and/or 2) they are capable of 

influencing cellular pathways and processes linked to neurodegeneration (i.e. inflammation, 

amyloid deposition, synaptic loss, energy metabolism, mitochondrial function, neurofibrillary 

degeneration, vascular compromise) (270–272). However, the specific mechanisms underlying 

these associations, especially in humans, remain undetermined and elusive as it is particularly 

challenging to isolate the specific contributing role of dietary constituents. For example, 

individuals who follow a healthy dietary pattern are also likely to engage in additional health-

promoting behaviors, including physical activity (273). Differences in experimental design (e.g. 

type of epidemiological study, length of follow-up, etc) (274) and the fact that some studies 

examine the role of certain diets (e.g. Mediterranean diet), while others explore the function of 

specific macronutrients, (e.g. trans-fat and cholesterol) is also leading to some degree of 
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heterogeneity in the literature. Moreover, many studies have identified differences in the effect of 

vitamins derived from food compared to synthetic supplements, as in the case of vitamin E (275). 

Since only a few studies show positive results on the use of vitamin and mineral supplements for 

preventing cognitive impairment (276), current research supports a readjustment of dietary 

patterns and other lifestyle recommendations (as long as it is possible) in order to prevent or 

mitigate the cognitive symptoms of AD, rather than supplementation.Those nutrients that are 

poorly obtained, absorbed or produced with aging (e.g. calcium, vitamin B12, vitamin D) constitute 

an exception. However, there is still lack of consensus concerning dosage of these type of 

supplements and their regular use is currently variable depending on the medical doctor advice 

and self-prescription (277). 
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3 Epigenetics and aging 

3.1 General description of epigenetics  

Epigenetic changes are currently recognized as part of the aging process and have been 

implicated in many age-related chronic diseases such as AD (1–3). The term epigenetics includes 

a variety of processes known to regulate gene expression in a stable and potentially reversible 

way, without altering the primary DNA sequence (4). Since epigenetics allow for the integration 

of long-lasting non-genetic inputs in the genome, research on age-related disorders have recently 

focused in epigenetic mechanisms, and a growing number of epigenetic alterations in AD have 

recently been described (3,67,278–280). 

The best characterized epigenetic mechanisms include DNA methylation, histone post-

translational modifications and non-coding RNAs, such as microRNAs (miRNAs). The interplay 

between these mechanisms eventually establishes the epigenetic states and expression patterns 

of many mammalian genes (281–284). Some sequences in the genome are epigenetically more 

stable over time, acquiring epigenetic marks during early embryonic development and maintaining 

them throughout life; whereas other regions of the genome are more likely to change their 

epigenetic states in the adult (285). 

Epigenetic modifications play a crucial role during development and throughout life, regulating 

both health and disease (286,287). Several environmental factors (e.g. diet or physical activity, 

pollutants, drugs, psychological stressors, etc) can modulate epigenetic modifications, showing 

both short and long-term effects on gene expression during early life and adulthood. Thus, one 

of the most important goals of research in this field is exploring the contribution of environmentally-

induced epigenetic marks on individual’s health in order to implement prevention approaches and 

find ways to reprogram them in a safe manner with therapeutic purposes (285,288–290).    

The following sections comprise the description of the three epigenetic mechanisms explored in 

this thesis (DNA methylation, post-translational modifications of histones, and microRNAs); their 

function, focusing on central nervous system; their association with aging and AD; the main 

methodological approaches used for their study; and their modulation by physical exercise and 

nutrition.   

3.2 MicroRNAs  

MiRNAs consist of species of short non-coding RNA of approximately 22 nucleotides (nt) that 

regulate gene expression post-transcriptionally (291). They were first discovered in 

developmental studies with C. elegans (the lin-4 and let-7 miRNAs) (292,293). MiRNAs are also 

present in plants, indicative of an early arose in eukaryotic evolution and a high degree of 

conservation (294). To date, more than 2000 miRNAs have been identified in humans (295). Each 

miRNA is able to bind different mRNAs, while one mRNA can be regulated by different miRNAs. 
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The 3′ untranslated region (UTR) of mRNAs usually corresponds to the miRNA-binding site. The 

domain at the 5′ end of a miRNA, the “miRNA seed”, is critical for target recognition and binds the 

3’ UTR of the target mRNA. The majority of human protein-coding genes comprise at least one 

conserved miRNA-binding site, and, since numerous non-conserved sites also exist, most 

protein-coding genes may be partly controlled by miRNAs.  

During their canonical biogenesis (Fig. 3), human miRNAs are transcribed as long primary 

transcripts containing one or more characteristic RNA hairpin structures where miRNA sequences 

are embedded (291,296). Following transcription, the primary miRNA (pri-miRNA) undergoes 

several steps of maturation cleavage. These small hairpin-shaped RNA (pre-miRNA) is then 

exported to the cytosol, where is further cleaved, releasing a small RNA duplex. This duplex is 

subsequently loaded onto an AGO protein to form a functional complex called RNA-induced 

silencing complex (RISC), also known as microRNA ribonucleoprotein complex (miRNP). The 

passenger strand of the RNA duplex is then removed and degraded, leaving a single mature 

miRNA. This bound mature miRNA can bind 3′-untranslated regions from target mRNAs by partial 

or full base complementarity, guiding the enzymatic complex to accomplish the corresponding 

post-transcriptional silencing (Fig. 3) (291). AGO proteins are responsible for recruiting factors 

that induce translational repression, mRNA deadenylation and mRNA degradation. Post-

transcriptional silencing can occur through different mechanisms:  

- Mechanisms of miRNA-mediated translational repression.  In order to enable ribosomal-

mediated translation, the Eukaryotic initiation factor 4 F (eIF4F) complex interacts with 

the 5’-cap structure of the mRNA, while the cytoplasmic poly(A)-binding protein (PABPC) 

binds its 3′-poly(A). According to previous studies, miRNAs are able to impede translation 

by affecting both eIF4F and PABPC during translation, and/or mRNA stabilization (297).  

- Mechanisms of miRNA-mediated target degradation. The majority of scientific works 

suggest target degradation as the predominant mode of regulation by miRNAs (297). 

MiRNAs can direct endonucleolytic cleavage of fully complementary targets (298). 

However, since in animal cells the vast majority of targets are partially complementary, 

miRNAs direct their targets to the cellular 5′-to-3′ mRNA decay pathway as an alternative. 

In this pathway mRNAs are deadenylated and decapped by different enzymatic 

complexes, and degraded by the major cytoplasmic 5′-to-3′ exonuclease XRN1 (297).  
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Fig 3. MicroRNA biogenesis in animal cells. Figure adapted from Lodish et al. (299). 

3.2.1 MiRNAs function 

MiRNAs are described to exert an important role in many biological processes: adult stem cell 

maintenance and differentiation (300), development (301,302), CNS function (303), 

cardiovascular biology (304), as well as in lipid and glucose metabolism (305). Since they are 

involved in such biological processes, miRNA dysregulation can compromise health and trigger 

pathological processes (306). Likewise, since the function of miRNAs can be efficiently and 

specifically inhibited by chemically modified antisense oligonucleotides, some authors have 

underlined and studied their potential use as targets for the development of novel therapies for 

numerous diseases. However, further research is needed for guaranteeing the specificity and 

efficacy of therapeutic oligonucleotides in vivo (307).  

MiRNAs can reach blood circulation through different mechanisms, including being exported from 

the cell through exosomes, shedding vesicles, or in association with RNA-binding proteins. It is 

thought that they can mediate paracrine, endocrine, and/or juxtacrine signaling, as exosomes and 

shedding vesicles can donate their miRNA to recipient cells by the process of endocytosis, 

phagocytosis, direct fusion with the plasma membrane, or uptake of the  RNA-binding protein-
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miRNA complex through specific cell membrane receptors (308–311). Therefore, circulating 

miRNAs might represent potential peripheral biomarkers of brain and systemic physiological 

signaling disturbances (312,313). In fact, during the last decade, research on miRNAs as 

biomarkers have drawn the attention of scientists and is increasing exponentially.  

3.2.2 MiRNAs in CNS, aging and AD 

MiRNAs are abundantly expressed in the brain and dynamically regulated under specific temporal 

and spatial patterns during CNS development and function, representing key regulators in the 

complex genetic network of this system. Current knowledge on the role of miRNAs in CNS 

development and function is summarized in Figure 4 (303,314–316).  Notably, miRNAs 

expression can be modulated by neural activity. For instance, miR-132 is regulated by neuronal 

activation involving brain-derived neurotrophic factor (BDNF) and the stimulus-induced 

transcription factor CREB (317).  

 

 

 

 

Fig 4. MiRNAs in CNS development and function. Pink indicates activated microglia. Black 

square indicates synapses. Figure from Cao et al. (303). 
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MiRNAs have also been linked to the aging process (318). In fact, the expression of many 

miRNAs changes with age, and a number of these can modulate lifespan. For instance, recent 

studies on let-7 family support evolutionary conserved roles of its members in animal aging (319). 

Since miRNAs play an important role in the development of the nervous system and in the 

physiology of high-order brain functions such as learning, memory, and emotion regulation, their 

alteration contributes to the manifestation of neurological disorders and, of particular interest for 

this thesis, to the onset and development of neurodegenerative diseases such as AD (303,320–

325).  

Indeed, during the last years, many authors have described miRNAs dysregulation in different 

tissues of AD patients as well as their potential impact on the disease pathophysiology (326–328). 

Some miRNAs are directly contributing to the etiopathogenesis of the disease, targeting mRNAs 

from genes involved in APP (e.g. miR-29, miR-34, and miR-106 families, miR-101, and miR-107) 

or Tau processing (e.g. miR-15, and miR-106 families). Others are associated with autophagy 

(e.g. miR-106 family), oxidative stress and energy metabolism (e.g. miR-181, and miR-34 

families), inflammation (e.g. miR-34 and miR-146 families, miR-155, miR-9, and miR-101) and 

other AD-related processes. Although further research is needed, these studies point towards a 

potential contribution of miRNAs to AD pathology (326–328). 

Beyond their functional implications, circulating miRNAs in CSF, blood, plasma and serum that 

appear to be altered in patients with AD (326,329–341) exhibit a potential role as AD biomarkers. 

However, methodological heterogeneity among studies and other uncontrolled factors (i.e. bodily 

fluid collection and storage, miRNA purification protocols, miRNA normalization strategies) has 

led to contradictory results in the literature; and there is a great need for validation studies and 

standardization of procedures (326,342–344).  

3.2.3 MiRNA profiling methods 

During the last years, new technology has been developed for miRNA detection (345–347).  

Nevertheless, the most conventional methods include RT-qPCR, miRNA microarrays, RNA 

sequencing and northern blotting.  RT-PCR is the most sensitive technique and was chosen to 

perform miRNA analysis from the studies included in Chapters 1 and 2 of the current thesis.  

Other important techniques are the in situ hybridization of miRNAs, which allows cellular 

localization (348); and gain-of-function and loss-of-function experiments using miRNA mimics and 

inhibitors, which facilitate miRNA/target gene pairs confirmation once a miRNA is identified 

(349,350).  

Finally, it is worth noting that the concentration of miRNA detected in the body, especially in bodily 

fluids, depends on many biological and technical factors such as tissue origin, differential intensity 

of secretion and excretion into extracellular space, stability and half-life in the bloodstream, 

variability during sample collection, storage and miRNA purification methods, etc. As a 

consequence, the importance of miRNA normalization is currently broadly recognized and, since 
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no single normalization method is commonly accepted, miRNAs should be standardized 

according to more than one internal normalizing miRNA and at least one external control 

(342,351). 

 

3.3 DNA methylation 

Methylation of the fifth position of cytosine is one of the best understood epigenetic modifications 

and is highly conserved among plants, animals and fungi (352). Cytosine methylation is primarily 

restricted to the symmetrical CpG context in mammals, facilitating its maintenance throughout cell 

division (353). CpGs are underrepresented in the genome since methylated C is prone to 

deamination to Thymine and therefore methylation of CpG sites in gene exons is highly mutagenic 

(354,355). Of the roughly 28 million CpGs in the human genome, 60–80% are generally 

methylated. They can be found in the genome in CG dense regions of 0.2-2 kb in size that are 

termed CpG islands (CGIs), or isolated in both intragenic and intergenic regions. Approximately 

60-70% of known gene promoters are associated with a CGI, making this the most common 

promoter type in the vertebrate genome (356–359). DNA methylation at CGIs is principally 

associated with transcriptional silencing of the gene whose promoter contains the CGI (360).  

DNA methylation pattern is erased by rapid demethylation of the parental genomes at fertilization, 

and during early embryonic progression. Although some regions of the genome do escape to 

DNA demethylation (imprinted genes, retro-elements, etc), most of the new DNA methylation 

patterns are established from blastocyst until later stages of embryogenesis. Once established, 

DNA methylation patterns are not necessarily static and demethylation and de novo DNA 

methylation can occur, changing in localized contexts as specific cellular processes are activated 

or shut down in response to physiological or environmental stimuli (361,362). 

3.3.1 DNA methylation mechanisms 

DNA methylation is established by the specialized de novo DNA methyltransferase enzymes 

DNMT3A and DNMT3B, and perpetuated through cell divisions by DNMT1. These enzymes 

transfer a methyl group from the cofactor and methyl donor S-Adenosyl-L-Methionine (SAM) onto 

the 5’ position of cytosine, finally releasing S-Adenosyl-L-homocysteine (SAH; formed by the 

demethylation SAM) and 5-methyl cytosine (5mc) from the catalytic site (363,364). 

DNMT1 is the most abundant DNMT in adult cells (365). After DNA replication, whereas the 

parent strand remains methylated the newly synthesized strand is not. DNMT1 binds to these 

hemi-methylated CpG sites and methylates the cytosine on the newly synthesized strand through 

a complex, multi-step process (364). It maintains established CpG methylation patterns through 

mitosis, and it may be also involved in methylation maintenance through meiosis at loci that are 

protected from DNA reprogramming in primordial germ cells (366). 

Although the architecture of de novo DNA methyltransferases is similar to that of DNMT1, they 

do not require hemi-methylated DNA to bind (367). The DNMT3 enzymes are required for the 
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genome-wide de novo methylation of DNA that occurs after embryo implantation and are essential 

for mammalian development (367). In the adult, de novo DNMTs are also expressed, since they 

are involved in the epigenetic regulation of, for example, hematopoietic stem cells and post-mitotic 

neurons (368,369). 

DNA demethylation can take place in an active or passive way: active DNA demethylation refers 

to an enzymatic process involving thymine DNA glycosylase and TET family enzymes that 

removes or modifies the methyl group from 5mC; whereas passive DNA demethylation refers to 

loss of 5mC during successive rounds of replication in the absence of functional DNA methylation 

maintenance machinery (370,371).  

3.3.2 Post-transcriptional silencing by DNA methylation 

According to literature, there are two mechanisms by which DNA methylation can trigger 

transcriptional repression: 

1) The first mechanism consists on the binding of methyl-CpG binding proteins (MBPs) to 

methylated CpGs through zinc finger (i.e. Kaiso family proteins) or methyl-CpG binding 

domain (e.g. MBD1, MBD2, MBD3, MBD4, MeCP2). These proteins recruit repressive 

chromatin modifiers such as histone deacetylases (HDACs), histone methyltransferases 

(HMTs), and other corepressors, to change the chromatin structure into a more 

condensed form (Fig. 5) (372,373). 

2) The second mechanism consists of DNA methylation marks directly impeding 

transcription factors binding, thereby preventing transcriptional activation. This is the 

case of transcription factors such as E2F or cAMP responsive elements binding protein 

(CREB) (373–375).  

 

Fig. 5 Example of transcriptional repression triggered by DNA methylation. MeCP2 binds to 

methylated CpG sites in gene promoters, where it complexes with other repressors, such as 

histone deacetylase HDAC1, histone methyltransferases (HMTs), and the co-repressor Sin3a. 

Figure adapted from Feng et al (376). 
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3.3.3 DNA methylation function 

The establishment of DNA methylation is crucial for normal cell development, cell type/tissue-

specific differentiation, and cell response to physiological and environmental stimuli (361). It 

impacts many key cellular processes, including 1) short- and long-term, global and local regulation 

of gene activity during the lifespan of the individuals (377–379); 2) X chromosome inactivation, 

allowing dosage compensation of the X chromosome between males and females (380,381); and 

3) genomic imprinting, since differential pattern of DNA methylation allows monoallelic parent-of-

origin-specific expression of a subset of genes during gametogenesis (382). In addition, particular 

methylation patterns are associated with specific conditions or biological processes, such as 

aging (378,383), evolution (DNA methylation patterns are considered to be an important force 

during primate evolution) (384),  cancer (385–387), and other diseases (388,389). Current 

research is actually exploring potentially beneficial therapies involving this mechanism for treating 

developmental disorders and cancer, among other diseases (390,391). 

  

3.3.4 DNA methylation in CNS, aging and AD 

DNA methylation is involved in a variety of fundamental processes in the CNS such as 

environmental programming of molecular, hormonal and behavioral responses, and synaptic 

plasticity (392,393). In fact, non-dividing neurons hold substantial levels of DNMT1 and DNMT3A 

postnatally unlike other somatic cells, highlitghting its functional importance in the nervous system 

(393,394). DNA methylation disruption in the CNS is linked to several neuropsychiatric disorders 

such as schizophrenia and Rett syndrome, and accumulating evidence suggests also a 

connection with neurodegenerative diseases such as AD, Parkinson's disease (PD), Huntington's 

disease (HD), and amyotrophic lateral sclerosis (ALS) (392,395). 

On the other hand, DNA methylation changes during aging in both mice and humans. Global 

levels of 5mc are diminished in senescent cells compared with actively cycling cells. Similarly, 

methylation status at CpG sites located outside promoter CpG islands tends to decrease in 

different tissues with aging (66,396). In fact, a significant loss of methylated CpGs was found in 

centenarians compared to newborns DNAs (397). These differences are thought to reflect the 

genome instability observed in the elderly (398). On the other hand, hypermethylation at specific 

loci has also been associated with aging, and it frequently occurs at genes with potential 

relevance for age-related phenotypes/diseases such as genes involved in development 

(protocadherins, homeobox genes) and in signaling associated with cancer, longevity, 

senescence and neurodegeneration (e.g. MAPK pathway members, ryanodine receptors)  

(379,399–402). In fact, as reviewed by Zampieri et al. (403), several studies indicate the existence 

of ‘aging-associated differentially methylated regions’, clusters of consecutive CpG sites which 

exhibit change over time in the same direction. Some of these regions colocalize with promoters 

of genes involved in the aging process such as Sirtuins, IGF signaling pathway components (397), 

and chromatin regulatory proteins, such as the transcription factor CTCF and Polycomb proteins 

(402). 



Introduction 

28 
 

During the last decade, numerous investigations have pointed to the specific influence of DNA 

methylation in AD pathogenesis. As observed with aging, AD is also associated to global 

hypomethylation, as well as hypermethylation at specific loci (321,383,404). Numerous studies, 

including Epigenome-wide association studies, have revealed that AD patients show differential 

methylome patterns compared to controls (157,158,321,405–407), and studies in monozygotic 

twins discordant for AD do support these findings (408,409). They have reported disease-

associated changes in ribosomal RNA gene promoters (410); genome-wide LINE-1 elements 

(411); CREB pathway genes (412); genes involved in neural plasma membrane 

compartmentalization, cytoskeleton and microglia regulation (157,158,405–407); and in known 

AD susceptibility genes, such as PSEN1, APP, microtubule-associated protein Tau (MAPT), or 

TREM2 (413–417).  

Further research is needed to better understand the functional implications of the reported AD 

associated alterations in DNA methylation, as well as its potential regarding preventive or 

therapeutic treatment approaches.  

3.3.5 DNA methylation profiling methods 

Several DNA methylation analysis methods are available to date (418–423). The best 

characterized techniques can be classified into: 

A) Methods used for Whole Genome Methylation Profiling: 1) High performance liquid 

chromatography ultraviolet; 2) Liquid Chromatography Coupled with Tandem Mass 

Spectrometry; 3) Enzyme-Linked Immunosorbent Assay based method (ELISA-based) 

4) Luminometric Methylation Assay; 5) PCR of LINE-1 followed by pyrosequencing 

method. 

B) Methods used for identifying unknown differentially-methylated regions: 1) Whole 

genome bisulfite sequencing; 2) Array or Bead Hybridization; 3) Methyl-Sensitive Cut 

Counting: Endonuclease Digestion Followed by Sequencing.  

C) Methods for identifying DNA methylation at specific genes or regulatory regions: 1) 

Methylation-specific PCR; 2) High Resolution Melting; 3) COLD-PCR; 4) Bead array; 5) 

PCR and sequencing; 6) Bisulfite pyrosequencing; and 7) Digestion-based assay 

followed by PCR or qPCR. 

The activity of DNMTs or DNA demethylating proteins such as TET proteins can be determined 

using enzyme activity assays, which provides information about DNA methylation dynamics at 

particular physiological states (424). Likewise, inhibitors of such enzymes are also available for 

investigating its biological significance in different experimental settings (425).  

Among all techniques mentioned above, bisulfite pyrosequencing is becoming a routine technique 

in molecular biology labs as a method to precisely measure DNA methylation levels at specific 

genomic regions at single base resolution. This sequencing-by-synthesis method is able to 
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quantitatively determine the methylation of individual CpG cytosines from PCR amplicons of a 

region up to 115 bases in length, and was used for conducting some of the experiments in Chapter 

3 of this thesis. The procedure relies on prior bisulfite conversion of all potentially methylated CpG 

cytosines. Bisulfite converts cytosine residues of DNA to uracil, leaving 5mc residues unaffected. 

Therefore, this treatment introduces specific changes in the DNA sequence that depend on the 

methylation status of individual cytosine residues. This particular method is able to differentiate 

between the resulting single nucleotide polymorphisms (cytosines and thymidine) involving the 

stepwise incorporation of deoxynucleotide triphosphates (dNTPs) into the growing strand of 

nascent DNA. The incorporation of these dNTPs results in the proportional release of 

pyrophosphate (Fig. 6, steps 1, and 2), which is converted into ATP by sulfurylase in the presence 

of the substrate adenosine 5’ phophosulphate (APS). This ATP drives the luciferase-mediated 

conversion of luciferin to oxyluciferin that generates visible light (Fig. 6, step 3). The amount of 

light released in the process, which is detected by a charge coupled device (CCD) chip, is 

proportional to the number of nucleotides incorporated, and the procedure provides a quantitative 

portrait of the methylation profile for the amplicon in question. Apyrase, a nucleotide-degrading 

enzyme, continuously degrades unincorporated nucleotides and ATP (Fig. 6, step 4). As the 

process continues, the complementary DNA strand is built up and the nucleotide sequence is 

determined from the signal peaks in the pyrogram trace (the raw data output) (Fig. 6, step 5). The 

technique is able to detect small differences in methylation and is recommended for 

heterogeneous samples where only a fraction of cells has a differentially-methylated gene of 

interest (for example, in our case, cortical samples used in Chapter 3 experiments comprise many 

different cell-types and different functional regions) (Fig. 6) (426).  

 

https://en.wikipedia.org/wiki/Thymidine
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Fig 6. Illustrated steps on which the principle of pyrosequencing technology is based. Figure 

adapted from the Product Profile Sheet of PyroMark Q24 (Qiagen).  

3.4 Histone post-translational modifications 

Chromatin is the complex of DNA and histone proteins that can be found in the nucleus of 

eukaryotic cells. Its basic functional unit is the nucleosome, which contains 145-147 base pairs 

of DNA wrapped around a histone octamer that consists of two copies each of histone: H2A, H2B, 

H3 and H4 (Fig. 7). The linker histone H1 binds DNA at entry and exit of the nucleosome, thus 

locking the DNA and allowing the formation of a higher order structure. Some chemical 

modifications can be post-translationally (and reversibly) added to numerous histone amino acid 

side chains, predominantly in the N-terminal extreme that protrudes from the nucleosome of H3 

and H4. 
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Fig. 7 General scheme of histones in the nucleosome. Figure extracted from Tsankova et al. 

(427). 

Different modifications include acetylation, methylation, phosphorylation, adenylation, 

ubiquitylation, sumoylation, and deimination, which correlate with distinct functions (428,429). 

These modifications can exert their function through two characterized mechanisms: 

1) The first mechanism involves modifications that directly modulate the global structure of 

chromatin, by disrupting contacts between nucleosomes in order to “unravel” chromatin. 

2) The second mechanism involves histone modifications that promote or impede the recruitment 

of several effector non-histone proteins. 

These chromatin-associated proteins bind histone modifications via specific domains (Fig 8). 

Multivalent binding is the most prevalent mechanism so they contain several domains for different 

histone modifications (430). The recruited chromatin-associated proteins can be categorized in 

four groups: 1) Chromatin architectural proteins, which have the potential to induce chromatin 

compaction blocking access to underlying DNA; 2) Chromatin remodelers, which can make 

nucleosomal DNA more accessible or mobilize nucleosomes to different positions since they can 

carry with them enzymatic domains (e.g. ATPases); 3) Chromatin modifiers, which recruit 

additional proteins that can modify local chromatin; 4) Other machinery, such as transcription 

factors, proteins involved in DNA damage repair, recombination, RNA processing or replication.   

Therefore, post-translational modifications of histones represent direct and indirect contributors 

of chromatin compaction and accessibility, affecting transcription, but also many other DNA 

processes such as DNA repair, replication, recombination and modulation of RNA splicing 

(429,431,432). These modifications can be added and removed on chromatin by numerous 

enzymes (428). Its establishment on histones is dynamic and rapidly changing, and can highly 

fluctuate with circadian rhythms or within minutes or days (428,433). However, depending on the 

biological context, some modifications may need to be stably maintained (for example, 
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modifications involved in the inheritance through mitosis of a silenced heterochromatin state) 

whereas others may have to be more prone to change (for example, when responding to 

environmental cues) (434,435).  

The following section summarizes some information regarding histone acetylation due to its 

relevance in Chapters 2 and 3 of the current thesis. 

 

Fig. 8 Examples of proteins with domains that specifically bind to modified histones. Figure 

extracted from Bannister et al. (429). 

3.4.1 Histone acetylation 

Acetylation of lysine residues is one of the most widespread modifications in histones and it is 

correlated with gene activity. It reduces positive charge of histones neutralizing positively charged 

lysines, decreasing electrostatic affinity between positively-charged histones and negatively-

charged DNA (due to phosphate groups), and thus leading to chromatin accessibility. Acetylated 

lysines can also act as a docking site for other proteins. Bromodomains are the best described 

chromatin domains binding this modification. Acetylation is triggered by histone 

acetyltransferases (HAT). These enzymes are divided into the GNAT, MYST and p300/CBP 

subfamilies. Most HATs exhibit an acetyl coenzyme A binding domain and a similar active site 

structure for lysine-containing substrates (436,437). In turn, histone deacetylases (HDACs) 

catalyze the hydrolysis of acetyl-L-lysine side chains in histones, producing l-lysine and acetate. 

HDACs can be grouped into four classes in relation to their phylogenetic conservation. Class I, 

class II, and class IV include the classical family of zinc-dependent HDACs (HDAC 1-11), while 

class III comprises the NAD+-dependent Sirtuin family. HDACs are typically present within larger, 

co-repressor multiprotein complexes (438–442). The balance between the actions of these 

enzymes provides a key regulatory mechanism for gene expression and governs numerous 

developmental processes and disease states (442,443). 
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3.4.2 Histone post-translational modifications function 

Histone modifications dynamics are described to have a crucial role in many biological processes 

in mammalian systems, including development and differentiation (444), cell-cycle regulation 

(445), DNA damage (446), and response to cellular or external environmental variation (447). 

Accordingly, its dysregulation is linked to oncogenesis (448–450), cardiovascular disease (451), 

neurodegenerative disorders (452), mental disability (453), and other diseases 

(428,429,448,454). In fact, pharmacological inhibition of histone-modifying enzymes such as 

HDACs provides a therapeutic benefit in a wide variety of disease states, although a more 

exhaustive understanding of its multiple targets and biological consequences is still needed (455). 

3.4.3 Histone post-translational modifications in CNS, aging and AD 

Many high order CNS functions such as learning and memory are sustained by histone 

modifications (443,456–460). For instance, histone acetylation and methylation have been 

described in genes associated with learning and memory, such as the immediate-early genes 

NGFIP-A (nerve growth factor-induced protein A), CREB and BDNF, leading to an increase in 

their expression (443,461). Since the dynamic modulation of these epigenetic marks is crucial 

during neuronal plasticity and learning processes, its disruption appears to play a role in a range 

of psychiatric diseases (427,462,463).  

Additionally, there is evidence that histone-modifications play a key role in aging and that targeting 

such processes could be a novel therapeutic strategy for maintaining a healthy aging. In the brain, 

aging leads to the transcriptional downregulation of genes involved in synaptic maintenance and 

function, and there is increasing evidence that histone hypoacetylation mediates this silencing 

(66,396,464–468). Particularly, both histone methylation and acetylation have recently been 

shown to have a role in the regulation of organismal lifespan and tissue ageing. For instance, an 

increase in H4K16 acetylation and H3K4 methylation, as well as a decrease in H3K27me3 levels 

is associated with aging and shortened lifespan in C. elegans; and accordingly, individuals with 

the premature ageing disease Hutchinson–Gilford progeria syndrome do show decreased levels 

of H3K27me3 and reduced expression of the corresponding histone modifier enzyme (469,470). 

Finally, restoration of H3K9me3 and H4K20me3 levels, which are described to be altered during 

aging, is involved in the phenotype rejuvenation of aged mice and a mouse model of premature 

aging (68).  

Acetylation levels are reported to be also altered in cognitive decline and AD pathology (156,471). 

For instance, H3 K18/K23 acetylation is significantly reduced in the temporal lobe of AD patients  

compared to controls (472). In fact, HDAC inhibitors (HDACIs) are the most thoroughly studied 

epigenetic therapies, having shown acceptable results in AD animal models. The inhibitors widely 

used in clinical research include trichostatin A, valproic acid, sodium 4-phenylbutyrate and 

vorinostat (or SAHA) (473). In line with this, H4 acetylation levels are described to be critical for 

the initiation of learning-induced gene-expression program. Interestingly, studies show that only 
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young mice vs aging mice, or wild type vs AD transgenic models, are able to increase these levels 

in response to learning and memory paradigms (468,474). In particular, Peleg et al. showed that 

young animals increased H4K12ac levels in response to a memory training, while levels of this 

epigenetic mark in old animals remained unaffected. Notably, an intrahippocampal injection of 

SAHA to aged mice was able to partially restore H4K12ac levels and its linked gene-expression 

and memory function (468). As a consequence, some authors do support the hypothesis that AD 

might be also related with the incapacity of modifying the epigenetic patterns in certain conditions, 

such as learning and memory formation, in which HDAC inhibitors would promote histone 

acetylation and gene transcription (156,443,475,476). In fact, there is compelling evidence that 

histone modifier enzymes are dysregulated in AD. For example, HDAC2 is increased in aging and 

AD animal models (477–481), and in human postmortem hippocampus and entorhinal cortex 

samples from AD patients (482). In addition, several studies show that histone acetylation 

alterations occur more dramatically at certain loci. Decrease on gene-specific histone acetylation 

levels at different residues (H3K14, H4K5, H4K12 and H2BK5) have been reported in 

hippocampus and prefrontal cortex of different AD animal models. Particularly, several 

neuroplasticity–related genes were reported to be hypoacetylated and repressed, including 

BDNF, Actvity-regulated cytoskeleton-associated protein (ARC), the NMDA receptor subunits 

NR2A and NR2B, synaptophysin (SYP) and neurofilament (NFL) (482–484). Finally, increased 

phosphorylation of H3 and H1 was found in animal models of AD and in post-mortem tissue from 

AD patients (485–487), whereas histone methylation is not directly associated to AD 

pathogenesis but it has been reported to be involved in brain integrity, memory function and 

cognitive impairment (488). Overall, it still remains unclear to which extent histone modifications 

are driving the chromatin behavior that directly contributes to AD pathology, and further research 

is needed to elucidate their role in the disease.  

3.4.4 Histone post-translational modification analysis  

Several methods for histone research are available and reviewed in many publications (489–494). 

A summary of the most typically employed is presented below:  

1) Immunoblot or western blot analysis of post-translational histone modifications. This 

method have been used for the study included in Chapter 2. It consists on the detection of 

histone modifications by antibody recognition (i.e. taking advantage of the specificity inherent 

in antigen-antibody recognition). Antibodies for histone modifications are mostly used in 

Western blotting of nuclear extracts or enriched histone fraction preparations. In our case, 

protein purification was performed following the previously described method by Fischer et 

al. (495) in order to isolate histones into a separate fraction. This protocol involves an 

incubation with an acidic buffer containing 0.2 M HCl, which allows the release of DNA 

binding histones and its purification through centrifugation. Other existing protocols are 

based on a diluted sulfuric acid or a high-salt solution for histone extraction followed by a 

purification step through column chromatography, High-performance liquid chromatography 

or Chromatin Affinity Purification with Mass Spectrometry (ChAP-MS). Similar techniques to 
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western blot include dot blot analysis, immunohistochemistry and immunocytochemistry 

where antibodies are used to detect proteins directly in tissues and cells by immunostaining, 

and enzyme-linked immunosorbent assay (ELISA). 

2) Chromatin immunoprecipitation (ChIP). This technique provides a better insight into the 

target genomic regions that harbor various histone modifications during a specific 

physiological state of the cell. The procedure involves in vivo cross-linking of the proteins to 

the DNA by addition of a cross-linking agent such as formaldehyde. It allows the 

quantification (by PCR) of the relative proportion of different DNA loci associated with a 

specific histone modification. 

3) ChIP-on-chip or ChIP sequencing (ChIP-seq). The chromatin obtained by ChIP can be 

used for the more recently developed methods ChIP-on-chip (ChIP coupled with DNA 

microarrays), or ChIP-seq (ChIP and sequencing of DNA associated with the target DNA 

binding protein). They provide high-throughput data enabling analysis of genome-wide 

occupancy since they can determine the entire spectrum of DNA sequences associated with 

the DNA-binding protein of interest. 

4) Finally, the activity of histone modifying enzymes can be determined using enzyme activity 

assays, which facilitates the characterization of histone modification pathways both in the 

context of fundamental epigenetic mechanisms or drug discovery (496). Similarly, the 

inhibition of these regulatory enzymes using small molecules is used to probe the biological 

functions of histone modifications (497).  

3.5 Epigenetic modulation by environmental factors  

Epigenetic mechanisms are considered to complement and refine genetics, representing the 

crossroad between genes and environment. During the last decade, more and more studies have 

confirmed that environmental factors such as physical activity, diet, environmental contaminants 

and psychological stressors, among others, can induce epigenetic modifications. In addition, it 

has been reported that environmental conditions, especially during critical developmental stages, 

may influence health and risk of disease throughout life, in part through persistent programming 

of epigenetic marks (histone post-translational modifications and DNA methylation) and miRNAs 

expression (285,498). The following sections summarize some of the current knowledge 

regarding modulation of miRNAs, DNA methylation and histone post-translational modifications 

by two environmental factors, nutrition and physical exercise, particularly important for Chapters 

2 and 3 of this thesis. 

3.5.1 MiRNAs modulation by physical exercise and nutrition  

Several authors have investigated the modulation of miRNAs by lifestyle interventions including 

physical exercise or diet (499–502). Different types of physical exercise are described to modulate 

the expression of numerous miRNAs in skeletal muscle, blood cells, cardiovascular tissue and 

brain, among others. For instance, miR-126, which targets the vascular cellular adhesion 

molecule 1 involved in atherosclerosis, as well as other miRNAs targeting proinflammatory 

molecules, have been reported to be decreased after different physical exercise interventions in 
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human neutrophils and PBMCs (503,504). Similarly, exercise-induced upregulation of miR-21 and 

miR-34a in hippocampus is associated with cognitive function recovery after brain injury in rodents 

(505). Recent findings suggest that nutritional factors may also influence health and disease 

through modulation of miRNA expression in different tissues (499). For instance, dietary 

components as diverse as folate, retinoids, and curcumin can modulate miRNAs expression in 

humans displaying cancer-protective effects (506,507). Actually, circulating miRNAs are 

suggested as potential dietary exposure biomarkers, but further research is warranted (508). 

3.5.2 Modulation of DNA methylation by nutrition and physical exercise  

One of the most relevant environmental factors modulating DNA methylation is diet. Global DNA 

methylation is affected by SAM metabolite availability. SAM is generated in cells from methionine 

by Methionine adenosyltransferase (MAT) in the one-carbon cycle (being MAT2A the main 

isoform in brain) (Fig. 8). This cycle incorporates methyl groups from dietary folate to convert 

homocysteine into methionine, thus allowing the synthesis of SAM. Numerous enzymes such as 

serine hydroxymethyltransferase (SHMT), methylenetetrahydrofolate reductase (MTHFR) and 5-

methyltetrahydrofolate-homocysteine methyltransferase (MTR), as well as important cofactors 

such as vitamins B6 and B12, are involved in both folate and one-carbon cycles (Fig. 9). Notably, 

in case of folate metabolism disruption, methyl groups can be incorporated from betaine or choline 

(the latter can be metabolized to betaine) in the liver or the kidneys (509). As mentioned earlier, 

SAM can then be converted to SAH by DNMTs and histone-methyltransferases (HMTs) that use 

their methyl group to methylate DNA and histones, respectively. Finally, SAH is hydrolyzed to 

homocysteine to close the cycle (510–512) (Fig. 9). Since folate, B12, B6, methionine, choline, 

betaine are dietary components, during the last years investigators have addressed the impact of 

diet on DNA methylation. In fact, it has become an important public health issue since deficient 

diets in these nutrients are linked to both developmental (e.g. neural tube defects) and 

neurodegenerative disorders such as AD (513–519).   

According to literature, alcohol consumption can affect the conversion of homocysteine to 

methionine, and the conversion of homocysteine to cysteine (by altering the levels of vitamin B6), 

also having an effect on SAM production and DNA methylation levels (Fig. 9) (285). In line with 

this, some dietary compounds such as caffeic acid (found in coffee), catechins (found in green 

tea, cocoa, blackberries), isothiocyanates (found in cruciferous vegetables), or isoflavones (found 

in soy products) have been described to influence DNA methylation through  SAM-independent 

mechanisms. For instance, the major isoflavones present in soy including genistein and daidzein 

have been shown to inhibit DNMTs (520,521). Finally, a high-fat diet has also been reported to 

cause DNA methylation changes. For instance, it has been described to facilitate promoter 

hypermethylation of the fatty acid desaturase enzyme Fads2 in different tissues and models (522).  

Although further investigation is needed, some authors have suggested a positive or negative 

impact of some of these nutrients upon methylome in the context of neurodegeneration and AD 

(523).  
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Fig. 9 Scheme of one-carbon cycle; thick black arrows, and folate cycle (thick grey arrows). The 

folate cycle includes the enzymes serine hydroxymethyltransferase (SHMT), 

methylenetetrahydrofolate reductase (MTHFR) and 5-methyltetrahydrofolate-homocysteine 

methyltransferase (MTR). Methionine adenosyltransferase (MAT) catalyses the synthesis of SAM 

from methionine in the one-carbon cycle. Figure adapted from Feil et al.(285). 

Another important lifestyle factor modulating DNA methylation is physical exercise. According to 

many publications, this mechanism is sensitive to acute aerobic and resistance exercise in 

different tissues such as brain, blood, skeletal and cardiac muscle, and adipose tissue (524,525). 

For instance, long-term aerobic exercise alters methylome of skeletal muscle and adipose tissue, 

directly influencing expression of genes related to lipogenesis (526). Importantly, chronic 

moderate exercise appears to attenuate the age-dependent decrease in DNA methylation of 

proinflammatory genes such as the apoptosis-associated speck-like protein (527); and one-week 

physical exercise intervention reduced 5mc on BDNF’s promoter in rodents (528).  

 

3.5.3 Modulation of histone post-translational modifications by physical exercise and nutrition 

Histone methylation, as DNA methylation, depends on a sufficient supply of SAM as a methyl 

donor. Therefore, changes in the intake of dietary compounds involved in cellular SAM production 

such as folate, vitamins B12 and B6, methionine, choline and betaine, can modulate histone 

methylation reactions (described in the previous section). However, other dietary agents have 

been described to affect histone modifications (529). For example, curcumin, resveratrol or S-

allylmercaptocysteine, found in turmeric roots, red grapes and garlic, respectively, are reported 
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to modulate histone acetylation and/or HDAC/HAT activities (530–534).  In fact, many of these 

compounds display therapeutic effects since they are capable of inhibiting HDAC activity and de-

repressing epigenetically silenced genes in cancer cells, or even modulate epigenetic 

mechanisms underlying the restoration of the cognitive function in neurodegenerative disorders 

such as AD (535,536). This is the case of flavonols (found in grapes, blueberry or citrus fruits), 

catechins (found in green tea, cocoa, blackberries), or isoflavones (found in soy products) (536).  

On the other hand, several studies have described a modulation of histone modifications and 

histone modifier enzymes by physical exercise in animal skeletal muscle and brain. Interestingly, 

some of these exercise-induced epigenetic effects are likely to contribute to the promotion of 

mental health and resistance to neurological disorders and brain syndromes, such as AD 

(525,537–540). It has been reported that physical exercise can promote an hyperacetylation state 

counteracting the hypoacetylation associated with aging and cognitive impairment (541–543). 

Gomez-Pinilla et al. showed that physical exercise promotes acetylation of histone H3 by reducing 

HDAC5 levels and increasing histone acetylation by CBP, resulting in enhanced BDNF 

transcription in rats (528,540). Finally, numerous authors have reported that different physical 

exercise interventions can increase SIRT1 expression, a neuroprotective HDAC reported to be 

decreased with aging, in different tissues from both aged and young humans and rodents (544–

549).  

 

The molecular mechanisms underlying epigenetic-mediated responses to environmental stimuli 

are still unclear. However, the available data suggests a promising field of research that could 

help understanding the contribution of these mechanisms on the impact of environmental risk 

factors, the time windows of higher susceptibility in humans, and their particular role on disease 

onset. Considering the increase of lifespan in western countries and the consequent grow of the 

elderly population, it is also critical to characterize the epigenetic potential of healthy lifestyle 

interventions on physiology and behavior for the prevention and treatment of chronic and age-

related diseases.  
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4. Experimental models employed in the current thesis 

4.1 Accelerated aging and AD risk mouse models 

The mouse models used in the current thesis are 1) SAMP8 (Senescence-Accelerated Mouse 

Prone 8), a non-transgenic model for accelerated aging displaying many features that are known 

to occur early in the pathogenesis of AD (550–552); and 2) Mthfr+/- mice, a model for 

hyperhomocysteinemia (HHcy) which mimics the MTHFR 677 C>T mutation in humans, a risk 

factor for AD (553,554). These models represent excellent tools for acquiring more in-depth 

knowledge of the earliest age-related neurodegenerative processes associated with AD, in the 

case of SAMP8, and for better explore the pathophysiological contribution of a particular AD risk 

factor to the disease, in the case of Mthfr+/- mice.  

4.1.1 SAMP8 mouse model 

SAMP8 is a mouse model of accelerated aging, phenotypically selected from the AKR / J strain 

by Dr. Takeda et al. at Kyoto University (555). During the maintenance of the colony, investigators 

found that certain animals showed signs of accelerated aging, such as a decrease in motor 

activity, loss and deterioration of hair, lordosis and significant shortening of lifespan. By crossing 

siblings to each other, based on both the pathological phenotypes and their longevity, different 

strains of P (“prone” series) and R (“resistant” series) were established. The strain used in this 

thesis, the SAMP8 mice, prematurely exhibits the traits of an aging process and shows a 

significant shortening of life expectancy. Regarding cognition, SAMP8 mice show deficits in 

learning and memory (556–559) (e.g.  according to passive and active place avoidance (557,558), 

fear conditioning (559) and object recognition  tasks (560,561)). Histologically, they exhibit 

neuronal loss, reduction in dendritic spine density, spongiform degeneration patterns, astrogliosis 

and microgliosis in hippocampus and other brain regions (Table 1). Aβ accumulation (562–564) 

and Tau hyperphosphorylation (565,566) have also been detected in the brain of these mice. 

Furthermore, they exhibit blood brain barrier impairment, a reduction in cerebellar Purkinje cells 

population (567), mitochondrial dysfunction-related increase in oxidative stress (565,568–571), 

circadian rhythm disturbance and increase of inflammatory markers (571,572). As a whole, 

SAMP8 mice are considered a good model of accelerated aging and AD (550,573,574), while 

SAMR1 mice, with a similar genetic background to SAMP8 and normal aging characteristics, have 

been extensively used as an appropriate control model (575). Finally, recent works have 

highlighted that SAMP8 phenotype is accompanied by alterations in epigenetic mechanisms, so 

that this model is also suitable for studying the epigenetic landscape associated with pathological 

aging (576–578).  
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Table 1. The AD-like brain of SAMP8 mice. Table extracted from Cheng, et al. (550). 

Type Site Method Feature 
Age 

(month) 
Reference 

Neuron loss 

Hippocampus Optical fractionator 

The number of pyramidal cells 
in CA1 decreased by about 

15.6% 
8 (579) 

The number of granular cells 
in dentate gyrus decreased by 

about 20.2% 
8 (579) 

The neuronal number in CA3 
decreased by about 19.8% 

8 (579) 

Cerebral cortex Nissl staining 
Marked loss of neuronal cells 5 (565) 

Destruction and neuronal loss 10 (580) 

Forebrain Immunostaining 

The counted number of 
Choline acetyltransferase 
positive neurons in septal 

regions significantly 
decreases 

8 
(581) 

10 
(582) 

12 (581) 

Dendrite 
spine loss 

Hippocampus Golgi staining 

Spine density in the proximal 
to middle portions of basal 
dendrites of CA1 pyramidal 
neurons reduced by 6.6–

23.9% 

8 
(583,584) 

Decrease 6 
(585) 

Get worse 9 
(585) 

Spongiosis 

Brain stem and 
spinal cord 

Light microscope 

Dendritic vacuoles appear 1 
(586) 

Dendritic vacuolization 
became prominent 

2 
(586) 

Spongy peak 4 
(586) 

Spongy peak 8 
(586) 

Entire brain Light microscope Spongy degeneration 11 
(586) 

Hippocampus Light microscope Numerous vacuoles 10 
(587) 

Microgliosis Cerebral cortex Immunohistochemistry More OX6-positive cells 5 
(565) 

Astrogliosis 

Cerebral cortex Immunohistochemistry 
More GFAP-positive 

astrocytes surrounding 
vessels 

5 
(565) 

Hippocampus Immunohistochemistry 

More GFAP-positive 
astrocytes in CA1 

16 
(588) 

More GFAP-positive 
astrocytes in CA2 

16 
(588) 

More GFAP-positive 
astrocytes in CA3 

16 
(588) 

Stem and spinal 
cord 

Immunocytochemistry 

More GFAP-positive 
astrocytes in observed in the 

area of vacuoles 
2 

(586) 

The pronounced astrocytosis 4 
(586) 

The pronounced astrocytosis 8 
(586) 

Cerebral and 
cerebellar white 
matter and tracts 

Immunocytochemistry 
A remarkable astrocytosis or 

more GFAP-positive 
astrocytes 

11 
(586) 

 

4.1.2 Mthfr +/- mouse model  

Increased levels of homocysteine (Hcy) and decreased levels of folate in plasma have been 

associated with AD and cognitive decline (268,589–592). In fact, several Genome Wide 
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association studies, other epidemiological studies and meta-analyses indicate that the MTHFR 

677 C>T mutation increases the risk of AD (554,593–595). The mechanisms underlying the 

association between hyperhomocysteinemia (HHcy), folate deficiency and AD remain not 

properly characterized; and Mthfr+/- mice represents a good model for addressing this question.   

Methylenetetrahydrofolate reductase (MTHFR) is the enzyme that converts 5,10-

methylenetetrahydrofolate to 5-methyltetrahydrofolate (5-methylTHF).  5-methylTHF is the active 

form of folate and the methyl donor for homocysteine remethylation to methionine. In humans, a 

common variant in MTHFR gene, 677C→T (MTHFR 677 C>T), is associated with mild 

hyperhomocysteinemia (HHcy), and low 5-methylTHF levels (596–598). Individuals homozygous 

for the mutation (10–15% of Caucasians) who maintain adequate folate levels have normal 

homocysteine levels, as folate may stabilize the enzyme and allow it to function normally (599).  

Mthfr knockout mouse was originally generated (553,600) on BALB/c and C57BL/6 strain 

backgrounds to examine the in vivo pathogenetic mechanisms of MTHFR deficiency. On a 

BALB/c background the Mthfr knockout mice show full (wild type, Mthfr+/+), intermediate 

(heterozygotes, Mthfr+/−) or no MTHFR enzymatic activity (null zygotes, Mthfr−/−), respectively. 

Mthfr -/- mice have poor survival and are a model for severe MTHFR deficiency; while the Mthfr 

+/- mice have a mild Mthfr deficiency, exhibit mild HHcy and low 5-methylTHF levels, being 

considered a valuable model of the 677 C>T mutation in humans (601). This particular model 

have been used before for investigating the effects of HHcy and folate deficiency on the CNS 

(602). 

4.2 Human samples 

Early detection and early intervention in Preclinical AD subjects (PAD, defined as biomarker 

positive while asymptomatic) is considered a crucial step to provide the basis for preventive 

approaches involving modifiable and lifestyle risk factors of disease progression, as well as for 

discovery of pharmacological treatments that could be efficient at this stage (181,184).  

For the plasma biomarker study in humans (Chapter 1 of the current thesis), we used samples 

from both clinical AD patients and subjects at the preclinical stage of the disease (Cohort 1; 

Hospital Clínic de Barcelona). PAD include individuals exhibiting cognitive performance within the 

normal range (performance within 1.5 Standard Deviations (SD)) according to a series of clinical 

and neuropsychological tests, with no significant psychiatric symptoms or previous neurological 

disease, and decreased CSF Aβ42 (165,181). AD patients include individuals presenting poor 

cognitive performance according to a series of clinical and neuropsychological tests, decreased 

CSF Aβ42 levels plus high CSF t-Tau and CSF p-Tau (172,181,603–605). AD stages are 

explained in more detail in the previous section 2.5 of the Introduction.  

Most of the biomarker studies in AD research field are based on Control vs clinical AD patients 

comparisons, or correlations within AD patients. Working with these two groups, AD and PAD, 

brings us the possibility of finding biomarkers capable of identifying the whole continuum of the 

disease (from the asymptomatic stage until the last dementia stage).  
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In addition, to test the replicability of the results, we used samples of both AD and PAD from an 

independent cohort (Cohort 2; Hospital de la Santa Creu i Sant Pau de Barcelona, Spain).  

We also used samples from PD patients, a different neurodegenerative disorder, in order to test 

the specificity of the studied biomarkers. Since neurodegenerative disorders share similar 

features (606), this specificity test is highly relevant and guarantees unbiased results. 



 

43 
 

  

Objectives 



 

44 
 

  



Objectives 

45 
 

Increasing aging population and the associated increase in age-related chronic diseases is 

currently a major public health concern. During the last decades many efforts have been placed 

to study the mechanisms involved in the aging process as well as strategies to reduce their 

pathological symptoms, maintain cognitive integrity and promote healthy aging, such as physical 

exercise or diet. On the other hand, epigenetic changes are currently recognized as part of the 

aging process and have been implicated in many age-related chronic diseases such as AD. These 

mechanisms allow for the integration of long-lasting non-genetic inputs on specific genetic 

backgrounds, and could also be underlying the impact of lifestyle factors on health. Within this 

framework, the global aim of the current thesis was to better understand the link between 

epigenetics and pathological aging and AD, the potential utility of epigenetic changes as early 

biomarkers of AD, and the epigenetic mechanisms underlying the impact of physical exercise and 

diet on brain health. This thesis comprises three studies involving the following specific objectives:   

 

1: Characterization of microRNAs in Alzheimer’s disease as potential early biomarkers  

 

1.1 Identification of microRNAs as potential early biomarkers of AD using plasma samples 

from AD patients, preclinical subjects (patients with intact cognitive abilities but β-amyloid 

levels <500pg/mL in CSF), Parkinson’s disease patients (control of disease specificity), and 

healthy elderly controls.  

1.2 Evaluation of their reproducibility in two independent cohorts. 

 

2: Effects of physical exercise on neurodegenerative and epigenetic processes in the 

senescence-accelerated SAMP8 mouse model 

 

2.1  Identification of potential epigenetic markers involved in aging and neurodegeneration: 

analysis of the expression of 84 mature miRNAs, the expression of histone-acetylation 

regulatory genes and the global histone acetylation in the hippocampus of 8-month-old 

SAMP8 mice, using SAMR1 mice as control. 

2.2  Modulation of these parameters by 8 weeks of voluntary exercise. 

 

3: Investigation of the impact of folate metabolism disruptions in aged mice 

3.1 Characterization of the epigenetic, transcriptional and behavioral changes triggered by a 

folate deficient diet.  

3.2 Characterization of the epigenetic, transcriptional and behavioral changes triggered by a 

genetic mild Methylenetetrahydrofolate reductase (Mthfr) deficiency. Study of possible 

interactions of simultaneous genetic and dietary disruption of folate metabolism.  
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The results of this thesis are grouped into 3 chapters. They correspond to 

2 published articles and a third work under preparation for publishing. First and second chapter 

contain the original article with the supplementary figures, tables and references 

attached to the end of each chapter, while the third chapter contains the manuscript in preparation 

with the supplementary tables attached at the end of the chapter. The three chapters are 

preceded by a brief summary of the main findings and conclusions.
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Plasma miR-34a-5p and miR-545-3p as early biomarkers of 

Alzheimer’s Disease: potential and limitations 
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The results presented in this chapter are comprised in the following published article:  

 

 

Plasma miR-34a-5p and miR-545-3p as early biomarkers of 

Alzheimer’s Disease: potential and limitations 

 

Molecular Neurobiology, doi:10.1007/s12035-016-0088-8 

 

 

 

Marta Cosín-Tomás, Anna Antonell, Albert Lladó, Daniel Alcolea, Juan Fortea, Mario Ezquerra, 

Albert Lleó, Maria José Martí, Mercè Pallàs, Raquel Sanchez-Valle, José Luís Molinuevo, Coral 

Sanfeliu, and Perla Kaliman 

 

 

Marta Cosín-Tomás contributions to this acticle: RNA and miRNA purification; miRNA analysis by 
RT-PCR; statistical analysis; active participation on results interpretation and manuscript 
elaboration.  
  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Cos%C3%ADn-Tom%C3%A1s%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24688469
http://www.ncbi.nlm.nih.gov/pubmed/?term=Alvarez-L%C3%B3pez%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=24688469
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cos%C3%ADn-Tom%C3%A1s%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24688469
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Summary 

 

Background Early detection and early intervention in Preclinical AD subjects (PAD, defined as 

biomarker positive while asymptomatic) is considered a crucial step to provide the basis for 

preventive approaches involving modifiable and lifestyle risk factors of disease progression, as 

well as for discovery of pharmacological treatments that could be efficient at this stage. Few 

biomarker changes are currently known to precede the appearance of clinical symptoms that can 

be used to define PAD: (1) brain accumulation of Amyloid-β (Aβ) detectable by the Positron 

Emission Tomography (PET) imaging technique; (2) low-Aβ1-42 levels in CSF, and elevated CSF 

total Tau (t-tau) and phosphorylated Tau (p-tau). However, invasiveness, complexity, and / or the 

economic burden of PET and CSF collection, render them unsuitable for routine clinical screening. 

On the other hand, plasma microRNAs (miRNAs) have been recently proposed as potential 

biomarkers in Alzheimer’s Disease (AD).  

 

Objective Here we explored the potential of plasma miRNAs as early sensors of the preclinical 

phase of the disease, when brain pathology is being developed and no cognitive loss is detected. 

 

Methods We analyzed a set of 10 mature plasma miRNAs previously reported to be altered in 

AD patients in a cohort including symptomatic patients with AD, Healthy Controls (HC), and PAD 

subjects (cohort 1; Hospital Clinic de Barcelona; Table 1 and 2 of the article). Plasma samples 

from subjects with Parkinson’s Disease (PD) were used to control for disease specificity. Receiver 

Operating Characteristic (ROC) curve analysis was performed for evaluating diagnostic value of 

the potential biomarker candidates. A second cohort from an independent Hospital (cohort 2; 

Hospital de Sant Pau de Barcelona; Table 1 and 2 of the article) was used for testing the 

reproducibility of the results.  

 

Results We found that miR-15b-5p, miR-34a-5p, miR-142-3p, and miR-545-3p levels significantly 

distinguished AD from PD and HC subjects (Fig. 2 of the article). Among these, miR-34a-5p and 

miR-545-3p presented good diagnostic accuracy to distinguish both AD and PAD from HC 

subjects (Fig. 3 of the article). Both miRNAs also demonstrated a significant positive correlation 

with Aβ1-42 levels in cerebrospinal fluid (CSF) (Table 3 of the article). However, we did not 

observe the alterations described by us and others in AD and PAD samples of cohort 2 (Table 4 

of the article).  

 

Conclusions MiR-34a-5p and miR-545-3p might be promising early biomarker candidates for 

AD. However, our study highlights possible sources of variability (e.g. age) in miRNA analysis 

across hospitals, which currently prevents their use as reliable clinical tools.  
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Epigenetic alterations in hippocampus of SAMP8 senescent 

mice and modulation by voluntary physical exercise 
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The results presented in this chapter are comprised in the following published article:  

 

 

Epigenetic alterations in hippocampus of SAMP8 senescent 

mice and modulation by voluntary physical exercise 

 

Frontiers in Aging Neuroscience, 6 (2014) 

 

 

 

Marta Cosín-Tomás*, María J Alvarez-López*, Sandra Sanchez-Roig, Jaume F. Lalanza, Sergi 
Bayod, Coral Sanfeliu, Merce Pallàs, Rosa María Escorihuela, and Perla Kaliman. 

* Co-authorship 

 

 

Marta Cosín-Tomás contributions to this acticle: Protein and RNA purification; gene expression 
studies by single RT-PCR and RT-PCR array; western blot analysis; bioinformatic pathway 
analysis performance; statistical analysis; active participation on results interpretation and 
manuscript elaboration.  
  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Cos%C3%ADn-Tom%C3%A1s%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24688469
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Summary 

Background SAMP8 mouse model displays features of cognitive decline and Alzheimer’s 

disease (AD), and therefore, it is considered a useful model to study certain aspects of aging, 

cognitive decline and AD. On the other hand, alterations on epigenetic mechanisms such as 

miRNAs and histone post-translational modifications, are currently recognized as part of the aging 

process and have been implicated in many age-related chronic diseases such as AD.  It has been 

widely reported that physical exercise can prevent or improve age-associated brain function 

impairment and recent data have described the positive impact of physical exercise on epigenetic 

alterations in the rodent brain. 

Objective Identifying potential epigenetic markers involved in aging and neurodegeneration, and 

exploring their potential modulation by 8 weeks of voluntary exercise.  

Methods We analyzed the expression of 84 mature miRNAs, the expression of histone-

acetylation regulatory genes and the global histone acetylation in the hippocampus of 8-month-

old SAMP8 mice, using SAMR1 mice as control. We also examined the modulation of these 

parameters either by 8 weeks of voluntary exercise or sedentarism. 

Results Twenty-one miRNAs were differentially expressed between sedentary SAMP8 and 

SAMR1 mice (Table 2 of the article), and seven miRNAs were responsive to exercise in both 

strains (Table 2 and Fig. 2 of the article). SAMP8 mice showed alterations in genes involved in 

protein acetylation homeostasis such as Sirt1, Hdac6 and Hdac5, and modulation of Hdac3 and 

Hdac5 gene expression by exercise (Table 3 and Fig. 3 of the article). Global histone H3 

acetylation levels were reduced in SAMP8 compared with SAMR1 mice and reached control 

levels in response to exercise (Table 3 and Fig. 3 of the article).  

Conclusions Data presented here provide new candidate epigenetic markers for aging and 

neurodegeneration and, since it highlights common hippocampal epigenetic features between 

these model and human AD brain, it supports the suitability of this experimental model for future 

studies regarding the onset and progression of AD. Moreover, it suggests that epigenetic 

mechanisms might be involved in the positive impact of physical exercise and reinforces the 

prevailing concept that physical training is a promising therapeutic strategy for neurodegenerative 

diseases such as AD.   
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Epigenetic and transcriptional changes associated with risk of 

Alzheimer’s disease in mice with disrupted folate metabolism  



 

104 
 

The results presented in this chapter are derived from a study developed in Dr. Rima Rozen’s 

research lab at the Human Genetics Department in McGill University Health Center (MUHC), in 

the context of the program “Ayudas complementarias para beneficiarios de ayudas (FPU): 

Estancias Breves” between September 2015 and May 2016.  

The results presented here are being compiled in a manuscript for publication. 

 

 

Epigenetic and transcriptional changes associated with risk of 

Alzheimer’s disease in mice with disrupted folate metabolism  

 

Under preparation, (expected publication in 2017) 

 

 

 

Marta Cosín-Tomás, Renata Bahous, Marie Caudill, Olga Maleysheva, Mercè Pallàs, Perla 
Kaliman, Rima Rozen 

 

 

Marta Cosín-Tomás contributions to this acticle: RNA and DNA purification; gene expression 
studies by RT-PCR; DNA methylation analysis; participation on behavioral testing (assays led by 
R. Bahous); statistical analysis; active participation on results interpretation and elaboration of the 
manuscript draft. The diets were started before the PhD candidate was involved in this work. 
  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Cos%C3%ADn-Tom%C3%A1s%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24688469
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Summary 

 

Background Low dietary folate intake, as well as genetic variants in folate metabolism such as 

the Methylenetetrahydrofolate reductase (MTHFR) 677 C>T polymorphism, can modulate brain 

function and increase the risk for neurodegenerative disorders such as AD. Folate is required for 

methylation reactions, including DNA and histone methylation, and significantly contributes to the 

way the epigenome shapes the output of genomic information in the form of gene expression. 

Latest works propose the alteration of the epigenome as an important mechanism underlying the 

association between folate metabolism disruption and a higher risk for AD.  

Objective To characterize epigenetic, transcriptional and behavioral changes associated with 

folate metabolism disruption triggered by a folate deficient diet and/or a genetic mild Mthfr 

deficiency in 10-month-old mice.  

Methods We investigated the effects of a 10-month folate-deficient (FD) diet or a control diet (CD) 

on brain function of 10-month old Mthfr+/- mice (n=10/group and diet), a mild MTHFR deficient 

model for the human MTHFR 677 C>T polymorphism, as well as in the corresponding control 

mice (Mthfr+/+). We assessed differences on cognitive performance through Novel Object 

Recognition and Y-maze tests. Transcriptional and epigenetic analysis included changes in the 

expression of genes involved in APP metabolism, neurotrophic signaling, and histone acetylation. 

We evaluated cellular methylation homeostasis by measuring changes in genes and metabolites 

from one-carbon metabolism and DNA methylation pathways. We finally measured changes in 

DNA methylation levels at the promoters of Psen1 and Bdnf genes in order to explore the link 

between transcriptional changes and the methylation potential in the brain.  

Results Several factors linked to aging and AD such as Psen1, Bace, Bdnf, Ngf, Hdac3, Hdac5, 

Mat2A and Dnmt’s gene expression (Fig. 1, 2, 3 and 5 of the article), as well as S-Adenosyl 

methionine (SAM) levels (Fig. 4 of the article) were modulated by low dietary folate status in the 

brain of mice. On the other hand, short-term recognition memory, Bdnf, TrkB, Mat2A and Dnmt3a 

levels were altered in the brain as a consequence of the genetic mild Mthfr deficiency  (Fig. 2 and 

3 of the article). Particularly, dysregulation of both the neurotrophic factor Bdnf and the APP-

processing enzyme Psen1, appeared to be associated with changes on DNA methylation levels 

at their gene promoters (Fig. 6 and 7 of the article).  

Conclusions We identified epigenetic and transcriptional changes that may constitute a 

signature of neurodegeneration risk associated with folate deficiencies. Our data suggests that a 

folate deficient diet and a genetic mild Mthfr deficiency do not trigger similar or synergic effects 

regarding the studied pathways. Further research is needed to better characterize these complex 

interactions of dietary and genetic factors. 
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Abstract 

 

Low dietary folate intake, as well as genetic variants in folate metabolism such as the 

Methylenetetrahydrofolate reductase (MTHFR) 677 C>T polymorphism, are known to impact in 

brain function and increase the risk for neurodegenerative disorders such as AD. Folate is required 

for methylation reactions, including DNA and histone methylation, and significantly contributes 

to the way the epigenome shapes the output of genomic information in the form of gene 

expression. Latest works propose the alteration of the epigenome as an important mechanism 

underlying the association between folate metabolism disruption and a higher risk for AD.  

In order to better explore these mechanisms, we investigated the effects of a 10-month folate-

deficient (FD) diet or a control diet (CD) on brain function of 10-month old Mthfr+/- mice, a mild 

MTHFR deficient model for the human MTHFR 677 C>T polymorphism, as well as in the 

corresponding control mice (Mthfr+/+). We assessed changes cognitive performance and 

expression of genes involved in APP metabolism, neurotrophic signaling, and histone acetylation. 

We also measured levels of methylation homeostasis genes and metabolites of the one-carbon 

cycle.  

Short-term recognition memory, and brain levels of Psen1, Bace, Bdnf, Ngf, TrkB, Hdac3, Hdac5, 

Mat2A and Dnmt gene and S-Adenosyl methionine (SAM) metabolite were altered in brain by 

genetic or dietary folate pathway disruption. Particularly, dysregulation of both the neurotrophic 

factor Bdnf and the APP-processing enzyme Psen1, appeared to be associated with changes on 

DNA methylation levels at their gene promoters.  

As a whole, we identified epigenetic and transcriptional changes that may constitute a signature 

of neurodegeneration risk associated with folate deficiencies. Our data suggests that a folate 

deficient diet and a genetic mild Mthfr deficiency do not trigger similar or synergic effects 

regarding the studied pathways. Further research is needed to better characterize these complex 

interactions of dietary and genetic factors. 
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Introduction 

 

Alzheimer’s disease (AD) is a neurodegenerative disorder and the leading cause of dementia in 

late adults. Nowadays, AD is one of the biggest global public health challenges. The number of 

people living with dementia worldwide today is estimated at 44 million, set to almost double by 

2030 and more than triple by 2050. The global cost of dementia was estimated in 2010 at US $604 

billion, and this is only set to rise [1]. At the neuropathological level, the disease is characterized 

by the formation of two main protein aggregates involved in the progressive degeneration of 

neurons: extracellular senile plaques (generated by the deposition of beta-amyloid peptide) and 

intracellular neurofibrillary tangles (mainly composed by Tau protein filaments) [2, 3]. Although 

the causes remain unknown, the vast majority of AD cases are considered a consequence of non-

genetic factors, possibly involving gene-gene and gene-environment interactions. Last years, 

research has focused in epigenetic mechanisms since they allow for the integration of long-lasting 

non-genetic inputs on specific genetic backgrounds, and in fact, a growing number of epigenetic 

alterations in AD have been described recently [4]. Particularly, according to recent studies, some 

of these alterations consist of an overall reduction in DNA methylation in AD patients compared 

to healthy controls [5-7].  

Methylation of DNA and histones by S-Adenosyl methionine (SAM), the primary methyl group 

donor for the majority of the methylation reactions in the cell, is crucial for the regulation of gene 

expression [8]. Meanwhile, SAM formation is dependent on folate levels, which is an essential 

micronutrient obtained through diet products such as leafy green vegetables [9, 10]. It constitutes 

the essential shuttle vehicle for the methyl groups provided by the amino acid serine, the major 

source of single-carbon groups in the cell. Particularly, folate provides a methyl group for the 

transformation of homocysteine, a non-protein amino acid, to methionine, the precursor for SAM 

[8, 11, 12].  

Remarkably, between 1997 and 2015, numerous publications have reported that inadequate 

dietary folate can lead to decreased plasma folate, increased homocysteine, decreased SAM, and 

increased S-adenosyl-homocysteine (SAH) [13-17], in addition to cognitive impairment and AD 

[18-24].  

Similarly, the Methylenetetrahydrofolate reductase (MTHFR) 677 C>T polymorphism, the most 

studied variant in folate metabolism with 5–20% homozygosity [25], leads to a mild MTHFR 

deficiency which is also associated with mild HHcy and higher risk for AD [26-33]. In fact, 

MTHFR is the enzyme that catalyzes the irreversible formation of the methyl donor 5-methyl 

tetrahydrofolate, driving folate metabolism towards the conversion of homocysteine to 

methionine pathway.  

Many authors agree on the notion that the hyperhomocysteinemia (HHcy) triggered by a folate 

deficient (FD) diet or a mild MTHFR deficiency acts as a risk factor for AD due to its association 

with negative cardiovascular effects, oxidative stress, and chromosome instability [34-40](1). 

Interestingly, it has been described that the alteration in methylation levels of DNA and histones 

due to the lack of SAM [8] accompanied by the consequent deregulation of genes related to the 

pathology such as genes involved in APP metabolism [41-43] or in general brain function [44-

47], may also contribute to reduced neuronal survival and impaired cognition leading to 

neurodegeneration in older animals. Nevertheless, the exact mechanisms underlying these 

associations remain unclear.  

Here, in order to better explore these mechanisms, we investigated the effects of a 10-month FD 

diet or a control diet (CD) on brain function of 10-month old Mthfr+/- mice, a mild MTHFR 

deficient model for the human MTHFR 677 C>T polymorphism, as well as in the corresponding 

control mice (Mthfr+/+). This experimental design allows to study the effects of genetic and 
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dietary disruption of folate metabolism separately, thus being able to explore whether they share 

similar mechanisms. Likewise, the potential gene-diet interactions can be addressed, being able 

to test whether a folate deficient diet together with a genetic mild Mthfr deficiency can exacerbate 

the effects of both conditions alone.  

In particular, we assessed changes in (1) cortical and hippocampal gene expression of epigenetic 

genes, neurotrophic factors, and genes related with APP metabolism and methylation 

homeostasis; (2) cortical levels of SAM, SAH and methionine metabolites; and in (3) cognitive 

abilities, using different behavioral tests.  
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Materials and methods 

 

Animal care diets and sample collection. Experiments were performed according to the 

guidelines of the Canadian Council on Animal Care and approved by the Animal Care Committee 

of the Research Institute of the McGill University Health Centre. BALB/c Mthfr+/+ and Mthfr+/- 

male mice (total n= 40) were fed amino acid-defined control diet (CD, 2 mg folate/kg diet, the 

recommended amount for rodents) or folate-deficient diet (FD; 7-fold lower than recommended, 

0.3 mg folate/kg diet) (Harlan) for 10 months starting at weaning, as previously described [48]. 

Both diets contained 1 % succinyl sulfathiazole to inhibit folate synthesis by intestinal flora. 

Litters were randomly assigned to CD or FD to produce a total of 10 mice in each of the 4 

diet/genotype experimental groups. Mice were housed under specific pathogen-free conditions in 

a controlled environment (12 h/12 h light/dark cycle, 18–24ºC) with ad libitum access to food and 

water. At 10 mo, mice were sacrificed after completion of behavioral testing in random order by 

CO2 asphyxiation and body weights were recorded. Cortex and hippocampus were collected and 

weighed. The right hemisphere of the cortex and the right hippocampus were snap frozen on dry 

ice and stored at -80ºC. 

 

Total RNA and DNA extraction. Total RNA and genomic DNA extraction from 20 mg frozen 

hippocampus and from 30 mg frozen cortex was performed using AllPrep DNA/RNA/miRNA 

Universal Kit (Qiagen) according to the instructions of the manufacturer. The yield and purity of 

both RNA and DNA were determined spectrophotometrically (NanoDrop,USA). RNA and DNA 

samples with 260/280 ratios higher than 1.8 were selected.  

 

RT qPCR. Random-primed cDNA synthesis was performed at 42oC starting with 0.5ug of RNA 

using iScript™ cDNA Synthesis Kit (Bio-Rad). Quantitative reverse transcriptase–polymerase 

chain reaction (RT-PCR) was performed by using SsoAdvanced™ Universal SYBR® Green 

Supermix (Bio-Rad) on a Lightcycler LC480 (Roche Diagnostics). The following reference genes 

were evaluated: b-actin (Actb), b-2-microglobulin (B2m), and glyceraldehyde-3-phosphate 

dehydrogenase (Gapdh). The 2 most stably expressed reference genes were determined (Gapdh, 

Actb, for hippocampal samples and Actin, B2m, for cortical samples) and used to calculate one 

normalization factor for target gene expression by geNorm v.3.4 (Ghent University Hospital 

Center for Medical Genetics) [56]. Primer sequences and reaction conditions are summarized in 

Table S1. 

DNA Methylation Analysis. Bisulfite-pyrosequencing method was used to determine the percent 

methylation at single CpG sites, as previously described [57]. Briefly, 500 ng (cortex and 

hippocampus) of genomic DNA was used for bisulfite conversion (EpiTect Bisulfite Kit; Qiagen). 

To amplify gene regions of interest, 1uL of bisulfite converted DNA was run in a PCR using a 

PyroMark PCR kit (Qiagen) and specific primers, one of which was biotinylated at the 5’ end. 

Biotinylated PCR products were then processed using the PyroMark Q24 Vacuum Workstation, 

and subsequent pyrosequencing was performed on a PyroMark Q24 pyrosequencer using 

PyroMark Gold Q24 Reagents (Qiagen) and a specific sequencing primer. PCR amplification and 

pyrosequencing primer sequences used to assess CpG methylation levels of the mouse Bdnf IV 

exon and Presenilin (Psen1) promoter regions were designed by PyroMark Assay Design 2.0 

software (Qiagen) (Table S2). Average methylation levels of CpG sites were quantified using 

PyroMark Q24 2.0.4 software (Qiagen). 
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Metabolites measurement. SAM and S-adenosylhomocysteine (SAH) and methionine 

metabolites were determined by liquid chromatography–mass spectrometry as described [58], 

with modifications based on our instrumentation [59]. 

Behavioral testing paradigms. Behavioural testing was performed on the same mice using the 

Novel object recognition (NOR) test, which measures the short-term recognition memory [49, 

50], and the Y maze test, which measures the spatial working memory [51]. 

NOR and Y-maze tests were performed as described previously [52]. In the NOR, the animals 

explored two identical copies of object 1 in an open field for 10 min. Short-term memory was 

assessed in the test trial, which began 60 min after the training session. During the test trial, the 

animals explored a familiar object (object 1) and a novel object for 5 min. The amount of time 

exploring objects was recorded. The DI (discrimination index) is a ratio of the amount of time 

animals spent with the novel compared with the familiar object. Since this test is based on the 

spontaneous tendency of rodents to spend more time exploring a novel object than a familiar one, 

a positive value indicates that the animal preferred to explore a novel object, while a negative 

value indicates that the animal showed no or less preference for a novel object probably due to 

memory impairment [53]. In the Y-maze, mice naive to the maze were placed at the end of one 

arm and allowed to move freely through the maze during an 8-min session. The series of arm 

entries was recorded. The number of alternations, successive entries into three arms on 

overlapping triplet sets, was recorded [54]. The number of alternations is a measure of short term 

working memory because it assesses whether the animal remembered entering the previous arm(s) 

[55].  

Statistical Analysis. The statistical analysis was performed using the Statistical Package for 

Social Sciences (SPSS, version 19.0) and GraphPad software package 5.01. The two-way 

ANOVA analysis of variance [2 genotypes (Mthfr +/+, Mthfr +/-) × 2 diets (CD, FD)] was 

conducted to assess genotype and diet effects. Comparisons between groups were performed by 

LSD post-hoc test. All data are presented as means ±S.E.M and P values (P) below 0.05 were 

considered statistically significant. Statistical outliers (≥two standard deviations from the mean) 

were removed from the analyses.  Partial correlations (controlling for genotype and/or diet effect) 

were utilized to analyse the possible association between gene and protein expression, metabolites 

levels, percentage of DNA methylation and behavioral testing variables. Data were normalized 

(square root or log10) for performing partial correlation, two-way ANOVA analysis and the 

associated post-hocs when needed.  
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Results 

 

Gene expression analysis of enzymes related with APP processing and AD 

The amyloidogenic APP processing pathway involves cleavages by β- and γ-secretases resulting 

in the generation of Aβ fragments which oligomerize and fibrillize leading to AD pathology, 

whereas α-secretases are involved in the non-amyloidogenic APP processing pathway [60]. Here, 

we analyzed cortical and hippocampal gene expression of four genes coding for key enzymes 

involved in these pathways: Presenilin 1 (Psen1), Bace, Adam 10 and Adam 17.  

Remarkably, genetic mild Mthfr deficiency did not affect gene expression of any of the analyzed 

enzymes neither in the cortex nor in the hippocampus, and the modulation by diet effect was 

specific for Mthfr +/+ mice (Fig 1A, 1B, Tables S3, S4). In particular, we found a significant 

interaction between genotype and diet in cortical gene expression of Psen1 (F(1, 14)= 6.305, P 

<0.05), one of the four proteins required for γ-secretase activity [61]. Psen1 was significantly 

upregulated in Mthfr+/+ mice following a FD diet, but not in Mthfr+/- (LSD posthoc CD+/+ vs 

FD +/+: P <0.01; CD+/- vs FD +/- : P = 0.435) (Fig 1 A, Tables S3, S4). Likewise, Bace, which 

is the major β-secretase and its expression and activity is increased in brains of AD patients [62-

64], shows an almost significant upregulation in gene expression in the cortex of the same group 

of animals according to LSD post-hoc (CD +/+ vs FD +/+: P = 0.09; CD+/- vs FD +/- : P = 0.936), 

despite not showing a significant interaction in ANOVA analysis (Fig 1 A, Tables S3, S4). In 

contrast, hippocampal gene expression of these two enzymes was not modulated by diet in any of 

the two groups. Finally, we did not observe differences due to diet or genotype in cortical or 

hippocampal gene expression of Adam 10 and Adam 17, which have been described to exert α-

secretase activity [65, 66] (Fig 1A, 1B, Tables S3, S4).  
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Fig 1.  Relative gene expression of genes related with APP processing in cortex (A) and 

hippocampus (B) of Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control or a low-folate 

diet. Means ± standard error are represented; relevant two-way ANOVA results are indicated in 

the graph, main LSD posthoc results are indicated symbols; **, P <0.01; +, P = 0.09. CD, control 

diet; FD, folate-deficient diet; D, diet; G, genotype. 
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Gene expression analysis of neurotrophic genes  

 

Brain-derived neurotrophic factor (Bdnf), Nerve-growth factor (Ngf) and the high affinity 

catalytic receptor for Bdnf, Tropomyosin receptor kinase B (TrkB), are important for the survival, 

maintenance and regeneration of specific neuronal populations in the adult brain, and, 

interestingly, depletion of these neurotrophic factors has been related with aging associated 

cognitive decline in addition to AD pathology and symptoms. Actually, Bdnf and Ngf 

replacement approaches as well as the use of agonists at the TrkB receptor are considered potential 

therapeutics for neurodegenerative diseases such as AD [67-72]. 

 

In hippocampus, Ngf gene expression is significantly downregulated by FD diet in the 

hippocampus (F(1, 15)= 10.24, P <0.01). Particularly, according to post-hoc analysis, FD diet 

leads to a reduction of Ngf gene expression in Mthfr +/+ mice (LSD posthoc CD+/+ vs FD +/+: 

P <0.01; CD+/- vs FD +/-: P = 0.125). Similarly, a decrease in Bdnf gene expression is observed 

in the hippocampus due to FD diet (F(1, 15)= 5.307, P <0.05). In this case, post-hoc analysis 

revealed almost significant Bdnf changes in the Mthfr+/+ (LSD posthoc CD+/+ vs FD +/+: P = 

0.069; CD+/- vs FD +/- : P = 0.206). Gene expression of Ngf and Bdnf was not affected by genetic 

mild Mthfr deficiency. In contrast, we did observe a significant downregulation of hippocampal 

TrkB gene expression in Mthfr+/- compared to Mthfr +/+ mice (F(1, 15)= 4.936, P <0.05), 

whereas no significant diet effect nor interaction was detected  (Fig 2 B, Tables S5, S6).  

Regarding cortex, Bdnf gene expression values are downregulated in Mthfr+/- compared with 

Mthfr +/+ mice (F(1, 13)= 4.705, P <0.05), whereas TrkB is not modulated by diet nor genotype 

in this tissue. On the other hand, and contrary to that observed in hippocampus, cortical Ngf is 

upregulated with FD diet (F(1, 14)= 5.126, P <0.05), particularly in Mthfr+/+ mice (LSD posthoc 

CD+/+ vs FD +/+: P = 0.057; CD+/- vs FD +/-: P = 0.278) (Fig 2 A, Tables S5, S6). 
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Fig 2. Relative gene expression of neurotrophic genes in cortex (A) and hippocampus (B) of 

Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control or a low-folate diet. Means ± 

standard error are represented; Relevant two-way ANOVA are specified in the graph, main LSD 

posthoc results are indicated with symbols; **, P < 0.01; ++, P = 0.057; +, P = 0.069. CD, control 

diet; FD, folate-deficient diet; D, diet; G, genotype. 

 

 

Analysis of genes and metabolites associated with DNA methylation pathway 

Methylation homeostasis is dependent on the one-carbon pathway. Homocysteine (Hcy) is 

remethylated to methionine, which is, in turn, transformed to S-adenosylmethionine (SAM). SAM 

can give the methyl group to DNA through the action of DNA methyltransferase (DNMT) 

enzymes family with formation of S-adenosylhomocysteine (SAH). SAH, an inhibitor of 

DNMTs, can be hydrolyzed to Hcy, and this hydrolyzation is reversible. Here, we studied gene 

expression of some key enzymes from this pathway and the levels of SAM, SAH and methionine, 

as they partly reflect the cellular methylation potential. 

In hippocampus, gene expression of Dnmt3a, the main de novo DNA methyltransferase, is slightly 

but significantly decreased in Mthfr+/- mice compared with Mthfr +/+ mice (F(1, 15)= 7.72, P 

<0.05) whereas no diet effect was observed (Fig 3 B, Tables S7, S8). Remarkably, no modulation 

by diet or genotype was detected for the rest of the analyzed genes in this tissue (Fig 3 B, Tables 

S7, S8).  

In contrast, Dnmt3b, another de novo DNA methyl transferase, showed an upregulation by diet 

in the cortex (F(1, 12)= 5.717, P <0.05). In the case of Dnmt1, the maintaining DNA methyl 

transferase, and Dnmt3a, there is a trend towards an increase due to FD diet in the cortex of 

Mthfr+/+ (LSD posthoc Dnmt1: CD+/+ vs FD +/+, P = 0.052; CD+/- vs FD +/-, P = 0.543, 



 

117 
 

Dnmt3a: CD+/+ vs FD +/+, P =0.099; CD+/- vs FD +/-, P = 0.529) (Fig 3 A, Tables S7, S8). 

Notably, cortical gene expression of Dnmt’s was not affected by genetic mild Mthfr deficiency 

(Fig 3 A, Tables S7, S8). 

Mat2A, the enzyme responsible for the methylation of SAM in the brain, was upregulated by 

folate deficient diet in the cortex of Mthfr+/+ mice (Interaction diet * genotype: F(1, 14)= 8.675, 

P <0.05; LSD posthoc CD+/+ vs FD +/+: P <0.01) but not in Mthfr+/- (LSD posthoc: CD+/- vs 

FD +/-, P = 0.823 ). Notably, Mthfr+/- mice showed an increase in Mat2A gene expression 

compared to Mthfr+/+ fed with CD diet (LSD posthoc CD+/+ vs CD +/-: P <0.05 CD+/+ vs FD 

+/-: P <0.05). However, folate deficient diet did not exacerbate the genotype effect (CD+/- vs FD 

+/-: P =0.823) (Fig 3 A, Tables S7, S8).  

Regarding metabolites, we found that SAM levels in cortex were downregulated by FD diet in 

Mthfr+/+ (LSD posthoc CD+/+ vs FD +/+: P = 0.052) but not in Mthfr+/- mice (LSD posthoc 

CD+/- vs FD +/-: P = 0.654). We did not detect changes in SAH nor methionine cortical levels 

among groups (Fig 4, Tables S9, S10).  

In conclusion, in cortex a folate deficient diet leads to an increase in gene expression of Dnmt1, 

Dnmt3a, Dnmt3b and Mat2A, whereas the genetic mild Mthfr deficiency is only affecting gene 

expression of the latter. In the hippocampus, the only detected alteration in gene expression was 

the downregulation of Dnmt3a in Mthfr +/-, with no effect of diet. 
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Fig 3. Relative gene expression of genes associated with DNA methylation pathway in cortex (A) 

and hippocampus (B) of Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control or a low-

folate diet. Means ± standard error are represented; Most relevant two-way ANOVA results are 

specified in the graph, main LSD posthoc results are indicated with symbols; **, P <0.01; ++, P 

= 0.052; +, P = 0.099. CD, control diet; FD, folate-deficient diet; D, diet; G, genotype. 
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Fig 4. SAM, SAH and methionine levels in cortex of Mthfr+/+ and Mthfr +/- 10-month old mice 

fed with a control or a low-folate diet. Means ± standard error are represented; main LSD posthoc 

results are indicated with symbols; +, P = 0.052. Due to lack of tissue SAM, SAH or methionine 

levels were not measured in the hippocampus. 

 

Gene expression analysis of histone modifying enzymes  

In order to investigate the potential modulation of other epigenetic mechanisms by diet or 

genotype, we measured the gene expression of some histone modifying enzymes involved in 

memory consolidation and altered in the aging process. Particularly, we studied histone 

deacetylases (HDACs), since they are among the best characterized histone modifying enzymes 

in neurons [73]. HDACs decrease DNA accessibility by deacetylation of histone lysines [74] and 

an adequate regulation of its expression levels and activity is crucial for neuronal homeostasis 

and for brain functions such as learning and memory [75]. Notably, alterations in histone 

acetylation levels have been observed in several models of neurodegenerative diseases, including 

AD [76, 77]. 

According to our results, hippocampal and cortical gene expression of histone deacetylase 3 

(Hdac3) and histone deacetylase 5 (Hdac5) was not affected by genetic mild Mthfr deficiency. 

Nevertheless, our analysis revealed a significant increase of Hdac3 in cortex, as well as a 

significant decrease of Hdac5 expression in hippocampus due to FD diet (F(1, 14)= 8.419, P 

<0.05, F(1, 14)= 7.425, P <0.05, respectively). Likewise, the observed diet effect is mainly 

present in Mthfr +/+ mice according to post-hoc tests (LSD posthoc Hdac3: CD +/+ vs FD +/+, 

P <0.01; CD +/- vs FD +/-, P =0.841, Hdac5: CD +/+ vs FD +/+, P <0.01; CD +/- vs FD +/-, P 

=0.451). On the other hand, Sirt1, another important histone deacetylase, did not show differences 

in expression levels between groups in any of the tissues (Fig 5, Tables S11, S12).  
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Fig 5. Gene expression of histone modifying enzymes in cortex and hippocampus of Mthfr+/+ 

and Mthfr +/- 10-month old mice fed with a control or a low-folate diet. Means ± standard error 

are represented; Most relevant two-way ANOVA results are specified in the graph, main LSD 

posthoc results are indicated with symbols; **, P < 0.01. CD, control diet; FD, folate-deficient 

diet; D, diet; G, genotype.  

 

 

DNA methylation analysis of Psen1 and Bdnf promoters 

Since we detected alterations in some of the one carbon cycle components, we analyzed whether 

the expression changes in Psen1 and Bdnf genes observed in response to diet and/or genotype 

could be explained by specific changes in DNA methylation.  

It has been previously described that Bdnf and Psen 1 gene expression can be regulated by DNA 

methylation changes at their promoters. Particularly, DNA methylation is the main epigenetic 

mechanism by which Bdnf gene expression is regulated during learning and memory 

consolidation processes [78]. Transcription of Bdnf is controlled by multiple promoters, which 

drive expression of multiple transcripts encoding for the same protein. Promoter from Exon IV 

contributes significantly to activity-dependent Bdnf transcription and important methylation 

dynamics have been reported on its CpGs [79]. On the other hand, Fuso et al. reported an 

upregulation of Psen1 gene expression together with a decrease in methylation % in 4 different 

CpGs from its promoter region in response to a vitamin B deficient diet (B12, B6 and folate 

deficient diet) [41]. Thus, we measured the methylation in CpGs -382, -421 and -470 from Psen1 

Exon I promoter (Fig 6 C), as well as in 7 CpGs (CpGs 1, 2, 3, 5, 6, 7, 8) from Bdnf  Exon IV 

promoter (Fig 7 C). 

Consistent with the increase in gene expression levels, we detected a reduction of DNA 

methylation in CpGs -470 and -421 from Psen1 promoter due to the FD diet in cortex (Fig 6 A, 
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Table S13).  On the contrary, and consistent with gene expression results, there were no changes 

in DNA methylation in the hippocampus in any of the analyzed Psen1 promoter CpGs (Fig 6 B, 

Table S13).  

In hippocampus, Bdnf promoter CpG 2 is significantly hypermethylated by FD diet (F(1, 16)= 

6.248, P <0.05), supporting the observed decrease on  Bdnf gene expression in this condition. (Fig 

7 B, Table S14). Two-way ANOVA analysis revealed a significant interaction between diet and 

genotype for CpG 7 methylation (F(1, 16)= 5.476, P <0.05).  The corresponding post-hoc tests 

indicated an almost significant increase in methylation due to diet in Mthfr +/+, in agreement with 

the observed Bdnf gene expression decrease in the same tissue for the same group of mice (LSD 

posthoc: CD +/+ vs FD +/+, P = 0.07) (Fig 7 B, Table S14). 

In cortex, we observed an almost significant increase in CpG 5 methylation due to genotype (F(1, 

14)= 4.483, P =0.053), which is consistent with the observed downregulation of Bdnf in Mthfr+/- 

mice (Fig 7 A, Table S14).  

The rest of the CpGs analyzed did not show significant differences in methylation among groups. 
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Fig. 6 DNA methylation % in CpGs -382, -421 and -470 from Psen1 promoter in cortex (A) and 

hippocampus (B) of Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control or a low-folate 

diet. Means ± standard error are represented; Main two-way ANOVA results are indicated. (C) 

Psen1 promoter sequence with CpGs -382, -421, -470 highlighted in bold letters.  

 

Fig. 7 DNA methylation % in CpGs 1, 2, 3, 5, 6, 7, 8 from Bdnf promoter in cortex (A) and 

hippocampus (B) of Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control or a low-folate 

diet. Means ± standard error are represented; Main two-way ANOVA results are indicated. (C) 

Bdnf promoter sequence with CpGs 1-8 highlighted in bold letters.  
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Behavioral testing: NOR and Y-maze results 

Behavioral testing was performed using the NOR task, which measures the short-term recognition 

memory [49, 50], and the Y maze test, which measures the spatial working memory [51]. 

According to our analyses, NOR discrimination index was significantly lower in Mthfr+/- 

compared to Mthfr +/+ mice (F(1, 22)= 7.706, P <0.01), whereas no significant effect of diet or 

interaction diet x genotype was observed. On the other hand, Y-maze % alternations was not 

influenced by diet or genotype according to our data (data not shown as it will be used for R. 

Bahous thesis). Since we detected significant changes in NOR performance, in order to address 

its potential association with the rest of the tested parameters, we performed the corresponding 

correlation analysis. Interestingly, we found a significant positive correlation between NOR 

results and gene expression of Hdac5, Adam17 and Sirt1 in the hippocampus (r= 0.59, P<0.01; 

r=0.57, P<0.05, r= 0.47, P<0.05, respectively). Finally, mice with better scores at NOR task 

showed a tendency towards higher hippocampal Bdnf gene expression (r=0.41, P=0.086).      
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Discussion 

In this work we explored how folate metabolism disruption, triggered by a folate deficient diet 

and/or a genetic mild Mthfr deficiency, influences neurodegeneration related mechanisms and 

behavior. We focused our study on changes in the expression of key enzymes for APP 

metabolism, neurotrophic signaling, methylation homeostasis and histone modifications, and we 

addressed the link between some of these changes with epigenetic modifications potentially 

caused by the dysregulation of the methylation potential in the brain.  

The reported upregulation of Psen1 and Bace in Mthfr +/+ mice due to FD diet is consistent with 

Fuso et al. previous works, showing that a Vitamin B deficient diet can trigger an upregulation of 

both Psen1 and Bace [41, 42]. Particularly, they described a positive regulation of Psen1 by a 

reduction in DNA methylation levels in the same CpGs. In the case of Psen1, we also 

demonstrated that part of this upregulation is due to a reduction in methylation levels at CpGs -

421 and -470 within the promoter of the gene. Notably, similar hypomethylation was observed in 

postmortem brains of AD patients [7]. Mthfr +/- mice did not show any alteration on the analyzed 

APP-related enzymes, suggesting that the neurodegeneration associated with the genetic mild 

Mthfr deficiency may not be driven by gene expression changes in these enzymes. Moreover, 

Mthfr+/- mice were not affected by diet according to our data, indicating that FD diet does affect 

differently when folate metabolism is already disrupted by this condition. According to literature, 

both γ and β-secretase have many other substrates apart from APP, so that further investigations 

may address whether the alterations on these enzymes are actually leading to an Aβ mediated 

neurodegeneration [60].  

Regarding neurotrophic genes expression, the observed downregulation of Bdnf and Ngf gene 

expression by FD diet in hippocampus is consistent with previous works suggesting a connection 

between dietary folate levels and these neurotrophic factors [44-47, 80, 81]. The fact that cortical 

Ngf is upregulated by FD diet, in contrast to that observed in hippocampus, suggests a potential 

compensatory mechanism in this tissue. Importantly, these diet effects are more pronounced in 

the Mthfr+/+ mice than in Mthfr+/-, supporting the idea that folate deficient diet affects differently 

when folate metabolism is already disrupted by a mild Mthfr deficiency.  

On the other hand, we reported an association between mild Mthfr deficiency and a significant 

downregulation of hippocampal TrkB and cortical Bdnf gene expression. Interestingly, FD diet 

did not exacerbate this downregulation. A reduction of TrkB is associated with exacerbated 

memory decline assessed by hippocampal memory tasks in a mouse model of AD according to 

L. Devi et al., [82], which is consistent with the memory impairment and the decreased levels of 

TrkB detected in Mthfr +/- mice.  Likewise, Bdnf is severely affected in the aging process and 

AD, can be correlated with cognitive decline [68] and DNA methylation % in Bdnf promoter is 

significantly increased in AD patients [83]. In fact, we did observe changes in DNA methylation 

within Bdnf promoter consistent with the observed changes in gene expression. Although 

statistically significant, we found relatively low methylation level differences and this could raise 

the concern of its biological significance. However, similar works exploring DNA methylation 

changes in brain found that low changes could be explained by the presence of some heavily 

methylated cells among fully unmethylated ones in the same tissue [84]. Thus, further 

investigations should study particular areas in the cortex and hippocampus to elucidate whether 

this regulation is more important at certain groups of neurons. In addition, other CpGs from 

different promoters as well as other potential epigenetic and transcriptional mechanisms that 

could be underlying Bdnf modulation by diet and genotype should be additionally explored [85-

87].  
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As mentioned earlier, methylation metabolism is dependent on the one-carbon pathway. 

According to our data, gene expression of Dnmt3a is slightly decreased in hippocampus of 

Mthfr+/- mice. Notably, this is consistent with the behavioral test results showing worse 

performance of Mthfr+/- mice in the NOR paradigm, since Dnmt3a is necessary for normal 

memory formation and its downregulation has been previously associated with memory 

impairment [88-90]. Importantly, Dnmt3a gene expression increases with age in mice [91], 

whereas these levels are significantly decreased in the hippocampus of AD patients [92]. As in 

the case of neurotrophic factors, FD diet did not exacerbate the effects on gene expression of the 

mild Mthfr deficiency.  

On the other hand, the observed increase in Dnmt’s gene expression associated with low folate or 

methyl-deficient diet has been reported before in different models and tissues [93-97], although 

one study showed a downregulation of DNMT3a/b protein levels with a B vitamin deficient diet 

[98]. Moreover, the fact that both FD diet and the genetic mild Mthfr deficiency lead to an 

upregulation of Mat2A suggests common mechanisms regardless of the source of folate 

metabolism disruption. Intriguingly, this alteration was not aggravated by diet in FD Mthfr +/- 

mice. Previous studies have shown that SAM levels are lower in the cerebrospinal fluid (CSF) 

[99] and within the brains of AD patients [100], as well as in animals following folate deficient 

diets [13-17]. Interestingly, other studies in mice have reported an improvement in spatial memory 

in response to SAM supplemented folate deficient diet [101]. Consistent with this, we observed 

that SAM metabolite levels in cortex are diminished in Mthfr+/+ due to the FD diet.  

Considering all together, the upregulation of Dnmt’s and Mat2a in Mthfr +/+ mice may constitute 

a compensatory mechanism caused by the lack of methyl donors in the cell. Accordingly, in the 

case of Mthfr+/- mice, which does not present a reduction in cortical SAM levels, only Mat2A is 

upregulated.  

Additionally, we also aimed to explore whether other potential epigenetic mechanisms are 

modulated by FD diet or Mthfr+/- genotype. Hdac3, the most highly expressed class I HDAC in 

the brain, was increased in cortex due to FD diet. Interestingly, HDAC3 has been previously 

described as a negative regulator of memory formation and its inhibition can enhance long-term 

object recognition memory in mice [102-104]. Similarly, the loss of HDAC5 is reported to 

damage memory function in a mouse model for amyloid pathology [105] and we observed a 

downregulation due to FD diet in the hippocampus. Moreover, Hdac5 positively correlates with 

NOR behavioral results (r= 0.59, P<0.01), so that mice with worse scores also show lower Hdac5 

levels. To our knowledge this is the first report showing a modulation of Hdac3 and Hdac5 by a 

FD diet. Nevertheless, the fact that these changes are principally detected in Mthfr +/+ mice 

further indicates that FD diet does affect differently when folate metabolism is already disrupted 

by a mild Mthfr deficiency. 

Despite observing an association between FD diet and the above mentioned transcriptional and 

epigenetic changes, we did not detect cognitive impairment in the FD groups. These result could 

indicate that the changes reported in the current study are not sufficient to induce behavioral 

changes or that they may precede such effects. This latter interpretation seems more plausible, as 

previous studies did show cognitive changes due to FD diet [42, 106-108]. Differences in the 

experimental design such as the duration of diets, the behavioral paradigms, mice strains, or the 

fact that these changes were measured in an earlier or in a more advanced range of age may also 

be underlying differences between studies. For instance, a previous study by Fuso et al. [42] 

detected cognitive impairment in 3-month-old mice fed with a FD diet during 2-3 months using 
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the water maze paradigm for measuring spatial memory, while here we used NOR and Y-maze 

paradigms in 10-month old mice fed with a 10-month FD diet.  

On the other hand, we did report short-term recognition memory impairment in Mthfr+/- mice, 

which is consistent with the increase on the risk of AD associated with Mthfr 677 C>T mutation 

in humans. In addition, it is worth noting that better performances in this task correlated with 

more neuroprotector levels of Adam17, Bdnf, Hdac5, and Sirt1. Previous works reported short 

and long memory impairment in 3-month-old Mthfr -/-, but not in 3-month-old Mthfr+/- mice, 

proposing age as a critical factor for cognitive decline in this model [52]. Intriguingly, Chan et al. 

did report that 9 to 12-month-old Mthfr+/- mice showed less % alternation in a Y-maze task than 

the control group, while we could not detect spatial memory impairment using the same paradigm 

[106]. This differences may be explained by the duration of the treatment, since in that case the 

animals were subjected to a FD diet during 1 month in contrast to the 10-month FD diet used in 

the current study.  

As a whole, the results reported here show alterations of Psen1, Bace, Bdnf, Ngf, TrkB, Hdac3, 

Hdac5, Mat2A and Dnmt’s gene expression in brain by folate metabolism disturbance, which 

appears, from our data, as a neurodegeneration risk factor.  

However, in most of the cases the modulation by diet is mainly present in Mthfr+/+ mice whereas 

in Mthfr+/- the differences between CD and FD are not significant, exhibiting more variability. 

The explanation for this variability is not clear, but it may be related with a complex interaction 

between dietary folate levels and the biological consequences of their genetic condition.   

In addition, the fact that most of the reported changes in the expression pattern of these key 

enzymes or in the studied epigenetic modifications are not shared between FD Mthfr +/+ and CD 

Mthfr+/-, suggests that some mechanisms underlying the association between cognitive decline 

or AD risk and folate metabolism disruption may not be common when this is induced through 

different manners (diet vs genetic Mthfr deficiency). Moreover, our results highlight the fact that 

a folate deficient diet together with a genetic disruption of folate metabolism does not exacerbate 

the effects of both conditions alone, since FD Mthfr+/- mice do not show aggravated effects with 

respect to FD Mthfr +/+ or CD Mthfr+/- groups. 

Likewise, this work describes for the first time a specific dysregulation of cortical Bdnf and 

Mat2A, together with hippocampal TrkB and Dnmt3a, in mice with a mild Mthfr deficiency. 

Consequently, several mechanisms such as disturbed neurotrophic signaling and DNA 

methylation dysregulation may have contributed to the short-term recognition memory 

impairment detected in Mthfr +/- mice. These findings could help understanding the increase on 

the risk of AD associated with Mthfr 677 C>T mutation in humans. 

In summary, this work shows the sensitivity of neuroprotective and epigenetic regulatory 

pathways to the disruption of folate metabolism either by a folate deficient diet and/or a genetic 

mild Mthfr deficiency. Notably, these two conditions do not appear to trigger equal or synergic 

effects regarding the studied pathways, but further research is needed for a more robust 

conclusion. Finally, this study supports the idea of diet having a serious impact on aging and 

neurodegeneration, regardless of the absence of risk associated genotypes.  
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Table S1|  Primer list for quantitative real-time PCR. 

 

   

Gene Symbol Gene Name Sequence Primer Sequence (5´-3´) 
Amplicon 

Size (bp) 

Tann 

(°C) 

[Primer] 

(μmol/L) 

Bdnf brain derived neurotrophin factor NM_007540.4 
TCCACCAGCTGAGAAGAGTGA 

74 62 0,6 
CGCTTTCATGCAACCGAAGT 

Ngf nerve growth factor NM_001112698.2 
GGGAGCGCATCGAGTTTTG 

80 62 0,6 
ACACTGAGGTGAGCTTGG 

TrkB neurotrophic tyrosine kinase, receptor, type 2 NM_001282961.1 
CTCGGTAGCTGGAAGCACAT 

98 60 0,4 
CTCAGGGCTTGCGCGT 

Psen1 presenilin 1 NM_008943.2 
CATGGAGATTTACCCGCACT 

88 62 0,6 
CAACATGGTGTGGAAGATGG 

Adam10 a disintegrin and metallopeptidase domain 10 NM_007399.3 
GCGGTTAACCCGTGAGGAG 

104 60 0,6 
ATTTCCATACTGACCTCCCAGC 

Adam17 a disintegrin and metallopeptidase domain 17 NM_009615.6 
AGAGAGCCATCTGAAGAGTTTGT 

98 60 0,4 
CGATGATCTGCTACCACCAGT 

Bace beta-site APP cleaving enzyme 1 NM_011792.5 
TTCCTCAGCAATACCTACGGC 

99 60 0,6 
CCATAACAGTGCCCGTGGAT 

Dnmt1 DNA methyltransferase (cytosine-5) 1 NM_010066.4 
CCGGAAACTCACTTGGACGA 

90 60 0,4 
TTTGGCAGCTGGATCTCTGG 

Dnmt3a DNA methyltransferase 3A NM_007872.4 
TGCTACATGTGCGGGCATAA 

112 60 0,6 
GGGGGTCAAATTCCTGGTCA 

Dnmt3b DNA methyltransferase 3B NM_001003961.4 
TTCAGTGACCAGTCCTCAGACACGAA 

145 60 0,4 
TCAGAAGGCTGGAGACCTCCCTCTT 

Hdac3 histone deacetylase 3 NM_010411.2 
CTCACGCCAGTATCTGGACC 

113 60 0,4 
CATACGTCAGGAGGTCTGCC 

Hdac5 histone deacetylase 5 NM_001284250.1 
GGATGAAGCAGTCTTGCAGC 

83 60 0,6 
AGTGTTTGCTCTGGATCTCG 

Sirt1 sirtuin 1 NM_001159589.1 
GATGACAGAACGTCACACGC 

71 60 0,6 
ACAAAAGTATATGGACCTATCCGC 
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Table S1|  Primer list for quantitative real-time PCR (continuation). 

 

 
   

 

Gene Symbol Gene Name Sequence Primer Sequence (5´-3´) 
Amplicon 

Size (bp) 

Tann 

(°C) 

[Primer] 

(μmol/L) 

       

Mat2a methionine adenosyltransferase II, alpha NM_145569.4 

TGGGTGGCAAAATCCCTTGT 

196 60 0,4 CCAGATCCCTGACAATGACCC 

GGAACAGAGTCATCCCTGGTG 

Gapdh glyceraldehyde-3-phosphate dehydrogenase NM_008084.3 
CAGGAGCGAGACCCCACTAACAT 

74 62 0,6 
AAGACACCAGTAGACTCCACGAC 

Actb beta-actin NM_007393.3 
CTGACGGCCAGGTCATCACTA 

105 60 0,4 
TAGTTTCATGGATGCCACAGGAT 

B2m beta-2 microglobulin NM_009735.3 
ATGCTATCCAGAAAACCCCTCAA 

100 60 0,4 
GCGGGTGGAACTGTGTTACG 
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Table S2|  DNA methylation assay primers.  

Oligonucleotide sequence a) and orientation b) 
Amplified 

segment 

Amplicon 

size (bp) 

 5’-GTG TTT ATT TAG AGG TAG AGG AGG TAT (S) 

Mouse Bdnf 

exon IV 

promoter 

199 
 5’Biot-CCT TCA ACC AAA AAC TCC ATT TAA TCT (A) 

 5’-AGAGGAGGTATTATATGATAG (SEQ1) 

 5’-GAGGAGAGGATTGTTT  (SEQ2) 

     

 5’Biot-AGA AGT TTG TTA TTT GGG AAG ATT (S) 
Mouse Psen1 

exon I 

promoter 

region 

167 
5'-CAC TTC CCA TTT CTC CAC AAT AT (A) 

 5’-CCACAATATTTATTTAAACAATTC (SEQ1) 

 5’-ACTATTTATACTCTCAATAAACC (SEQ2) 

a)    5’Biot- designates a 5’-biotinylated oligonucleotide.    

(S), sense PCR primer; (A), antisense PCR primer; (SEQ) sequencing primer, same polarity as the sense PCR 

primer. 

 

Table S3| Two-way ANOVA analysis was used to compare gene expression in Mthfr+/+ and 

Mthfr +/- 10-month old mice fed with a control or a low-folate diet. 

 

   Two-way ANOVA analysis 

   Diet  Genotype   Diet*Genotype 

 
    df. F 

P 

value 
  df. F 

P 

value 
  df. F 

P 

value 

               

 Gene expression 

APP 

metabolism 

associated 

enzymes 

Psen1 
Hippocampus 1, 15 3.209 0.093  1, 15 0.551 0.47  1, 15 1.436 0.249 

Cortex 1, 14 13.095 0.003  1, 14 0.301 0.592  1, 14 6.305 0.026 

Adam10 
Hippocampus 1, 15 0.758 0.398  1, 15 0.439 0.518  1, 15 1.141 0.302 

Cortex 1, 14 0.149 0.706  1, 14 0.154 0.701  1, 14 20.192 0.161 

Adam17 
Hippocampus 1, 15 0.991 0.335  1, 15 1.692 0.213  1, 15 0.211 0.653 

Cortex 1, 14 1158 0.300  1, 14 0.001 0.994  1, 14 0.313 0.585 

Bace 
Hippocampus 1, 15 0.255 0.621  1, 15 0.526 0.48  1, 15 2.607 0.127 

Cortex 1, 14 1.729 0.21   1, 14 0.017 0.9   1, 14 1.439 0.25 

P < 0.05 were considered statistically significant. Df stands for degrees of freedom. Bold values correspond to P < 

0.05. Italic values correspond to P <0.1.  
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Table S4| LSD post-hoc analysis was used to assess group differences on gene expression in Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control or 

a low-folate diet. Values in bold or italics correspond to P <0.05 or P <0.1, respectively. 

 

 
LSD Post-hoc tests P values 

 Adam10 Adam17 Bace Psen1 

 Cortex Hippocampus Cortex Hippocampus Cortex Hippocampus Cortex Hippocampus 

CD+/+ vs CD +/-  0.477 0.253 0.717  0.245 0.484 0.129 0.199 0.202 

CD+/+ vs FD +/+  0.208 0.887 0.267  0.306 0.097 0.143 0.001 0.046 

CD+/+ vs FD +/- 0.996 0.882 0.462  0.115 0.416 0.384 0.044 0.085 

CD +/- vs FD +/+ 0.591 0.309 0.456  0.837 0.325 0.882 0.013 0.482 

CD +/- vs FD +/- 0.452 0.203 0.720  0.718 0.936 0.457 0.435 0.689 

FD +/+ vs FD +/- 0.182 0.772 0.677  0.549 0.336 0.527 0.045 0.744 
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Table S5| Two-way ANOVA analysis was used to compare gene expression in Mthfr+/+ and 

Mthfr +/- 10-month old mice fed with a control or a low-folate diet. 

   Two-way ANOVA analysis 

   Diet  Genotype   Diet*Genotype 

     df. F 

P 

value  df. F 

P 

value  df. F 

P 

value 

              

 Gene expression 

Neurotrophic 

genes 

Bdnf 
Hippocampus 1, 15 5.307 0.036  1, 15 0.338 0.57  1, 15 0.145 0.708 

Cortex 1, 13 0.233 0.637  1, 13 4.705 0.049  1, 13 0.045 0.836 

Ngf 
Hippocampus 1, 15 10.24 0.006  1, 15 0.486 0.496  1, 15 0.699 0.416 

Cortex 1, 14 5.126 0.04  1, 14 0.422 0.526  1, 14 0.448 0.514 

TrkB 
Hippocampus 1, 15 1.011 0.331  1, 15 4.936 0.042  1, 15 1.939 0.184 

Cortex 1, 14 1.909 0.189   1, 14 0.154 0.701   1, 14 0.756 0.399 

P < 0.05 were considered statistically significant. Df stands for degrees of freedom. Bold values correspond to P < 

0.05. Italic values correspond to P <0.1.  

Table S6| LSD post-hoc analysis was used to assess group differences on gene expression in 

Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control or a low-folate diet.  

 LSD Post-hoc test P values 

 Bdnf Ngf TrkB 

 Cortex Hippocampus Cortex Hippocampus Cortex Hippocampus 

CD+/+ VS CD +/-  0.200 0.518 0.990 0.309 0.411 0.025 

CD+/+ VS FD +/+  0.847 0.069 0.057 0.010 0.134 0.101 

CD+/+ VS FD +/- 0.091 0.053 0.273 0.012 0.230 0.033 

CD +/- vs FD +/+ 0.242 0.255 0.058 0.106 0.496 0.416 

CD +/- vs FD +/- 0.640 0.206 0.278 0.125 0.723 0.794 

FD +/+ vs FD +/- 0.107 0.886 0.339 0.921 0.726 0.555 

Values in bold or italics correspond to P <0.05 or P <0.1, respectively. 
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Table S7| Two-way ANOVA analysis was used to compare gene expression in Mthfr+/+ and 

Mthfr +/- 10-month old mice fed with a control or a low-folate diet. 

 

   Two-way ANOVA analysis 

   Diet   Genotype   Diet*Genotype 

     df. F 
P 

value 
  df. F 

P 

value 
  df. F 

P 

value 

               

 Gene expression 

Epigenetic 

genes 

Dnmt1 
Hippocampus 1, 15 0.259 0.618  1, 15 0.109 0.746  1, 15 0.475 0.501 

Cortex 1, 14 3.768 0.073  1, 14 0.069 0.797  1, 14 1.123 0.307 

Dnmt3a 
Hippocampus 1, 15 0.325 0.577  1, 15 7.72 0.014  1, 15 0.425 0.524 

Cortex 1, 14 0.629 0.441  1, 14 0.004 0.951  1, 14 2.91 0.11 

Dnmt3b 
Hippocampus 1, 15 0.538 0.474  1, 15 0.101 0.755  1, 15 0.134 0.719 

Cortex 1, 12 5.717 0.034  1, 12 0.706 0.417  1, 12 0.01 0.921 

Mat2a 
Hippocampus 1, 15 0.404 0.534  1, 15 1.276 0.276  1, 15 2.094 0.168 

Cortex 1, 14 10.673 0.006   1, 14 0.396 0.539   1, 14 8.675 0.011 

 P < 0.05 were considered statistically significant. Df stands for degrees of freedom. Bold values correspond to P < 

0.05. Italic values correspond to P <0.1.  
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Table S8| LSD post-hoc analysis was used to assess group differences on gene expression in Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control or 

a low-folate diet.  

 LSD Post-hoc test P values 

 Dnmt1 Dnmt3a Dnmt3b Mat2A 

 Cortex Hippocampus Cortex Hippocampus Cortex Hippocampus Cortex Hippocampus 

CD+/+ VS CD +/-  0.601 0.808 0.289 0.032 0.543 0.974 0.031 0.198 

CD+/+ VS FD +/+  0.052 0.897 0.099 0.387 0.083 0.793 0.001 0.248 

CD+/+ VS FD +/- 0.255 0.550 0.614 0.028 0.039 0.455 0.015 0.442 

CD +/- vs FD +/+ 0.142 0.904 0.555 0.150 0.302 0.779 0.083 0.762 

CD +/- vs FD +/- 0.543 0.423 0.529 0.956 0.154 0.461 0.823 0.526 

FD +/+ vs FD +/- 0.338 0.469 0.206 0.142 0.586 0.625 0.104 0.699 

Values in bold or italics correspond to P <0.05 or P <0.1, respectively. 

 

  



 

140 
 

Table S9| Two-way ANOVA analysis was used to compare metabolites levels in Mthfr+/+ and 

Mthfr +/- 10-month old mice fed with a control or a low-folate diet. 

  

 Two-way ANOVA analysis 

 Diet  Genotype   Diet*Genotype 

  df. F P value   df. F P value   df. F P value 

Metabolites             

SAM 1, 16 3.269 0.089  1, 16 1.481 0.241  1, 16 1.350 0.262 

SAH 1, 16 0.003 0.960  1, 16 0.653 0.431  1, 16 0.401 0.535 

Methionine 1, 16 0.013 0.912  1, 16 0.047 0.831  1, 16 0.299 0.592 

P < 0.05 were considered statistically significant. Df stands for degrees of freedom. Bold values correspond to P < 

0.05. Italic values correspond to P <0.1.  

Table S10| LSD post-hoc analysis was used to assess group differences on cortical levels of SAM, 

SAH and Methionine metabolites in Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control 

or a low-folate diet.  

 LSD Post-hoc test P values 

 SAM SAH Methionine 

CD+/+ VS CD +/-  0.969 0.323 0.597 

CD+/+ VS FD +/+  0.052 0.686 0.648 

CD+/+ VS FD +/- 0.682 0.600 0.818 

CD +/- vs FD +/+ 0.048 0.552 0.942 

CD +/- vs FD +/- 0.654 0.635 0.763 

FD +/+ vs FD +/- 0.112 0.903 0.819 

Values in bold or italics correspond to P <0.05 or P <0.1, respectively. 

 

Table S11| Two-way ANOVA analysis was used to compare gene expression in Mthfr+/+ and 

Mthfr +/- 10-month old mice fed with a control or a low-folate diet. 

   Two-way ANOVA analysis 

   Diet  Genotype   Diet*Genotype 

     df. F 

P 

value  df. F 

P 

value  df. F 

P 

value 

              

 Gene expression 

Epigenetic 

genes 

Hdac3 
Hippocampus 1, 15 4.216 0.058  1, 15 0.391 0.541  1, 15 4.415 0.053 

Cortex 1, 14 8.419 0.012  1, 14 0.38 0.849  1, 14 8.419 0.12 

Hdac5 
Hippocampus 1, 14 7.425 0.016  1, 14 0.037 0.85  1, 14 2.655 0.126 

Cortex 1, 14 0.001 0.992  1, 14 0.056 0.816  1, 14 0.038 0.849 

Sirt1 
Hippocampus 1, 15 2.042 0.173  1, 15 0.043 0.838  1, 15 0.528 0.479 

Cortex 1, 14 4.084 0.063   1, 14 0.001 0.993   1, 14 0.456 0.51 

P < 0.05 were considered statistically significant. Df stands for degrees of freedom. Bold values correspond to P < 

0.05. Italic values correspond to P <0.1.  
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Table S12| LSD post-hoc analysis was used to assess group differences on gene expression in 

Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control or a low-folate diet.  

 LSD Post-hoc test P values 

 Hdac3 Hdac5 Sirt1 

 Cortex Hippocampus Cortex Hippocampus Cortex Hippocampus 

CD+/+ VS CD +/-  0.081 0.081 0.977 0.218 0.653 0.530 

CD+/+ VS FD +/+  0.002 0.973 0.887 0.008 0.357 0.137 

CD+/+ VS FD +/- 0.046 0.314 0.875 0.046 0.177 0.251 

CD +/- vs FD +/+ 0.076 0.086 0.864 0.112 0.173 0.415 

CD +/- vs FD +/- 0.841 0.012 0.898 0.451 0.077 0.636 

FD +/+ vs FD +/- 0.091 0.299 0.751 0.327 0.625 0.711 

Values in bold or italics correspond to P <0.05 or P <0.1, respectively. 

 

Table S13| Two-way ANOVA analysis was used to compare DNA methylation % in Psen1 

promoter CpGs in Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control or a low-folate 

diet. 

   Two-way ANOVA analysis 

   Diet  Genotype   Diet*Genotype 

     df. F 

P 

value  df. F 

P 

value  df. F 

P 

value 

              

 DNA methylation % 

Psen1 

promoter 

CpG -382 
Hippocampus 1, 16 0.622 0.442  1, 16 0.224 0.642  1, 16 0.116 0.738 

Cortex 1, 13 0.714 0.413  1, 13 0.462 0.508  1, 13 0.101 0.755 

CpG -421 
Hippocampus 1, 15 0.672 0.425  1, 15 0.852 0.371  1, 15 0.164 0.691 

Cortex 1, 13 4.437 0.055  1, 13 0.532 0.479  1, 13 0.001 0.973 

CpG -470 
Hippocampus 1, 14 1.913 0.188  1, 14 0.011 0.917  1, 14 2.388 0.145 

Cortex 1, 11 5.728 0.036   1, 11 0.004 0.951   1, 11 0.074 0.790 

P < 0.05 were considered statistically significant. Df stands for degrees of freedom. Bold values correspond to P < 

0.05. Italic values correspond to P <0.1.  
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Table S14| Two-way ANOVA analysis was used to compare DNA methylation % in Bdnf 

promoter CpGs in Mthfr+/+ and Mthfr +/- 10-month old mice fed with a control or a low-folate 

diet. 

   Two-way ANOVA analysis 

   Diet  Genotype   Diet*Genotype 

     df. F 

P 

value  df. F 

P 

value  df. F 

P 

value 

              

 DNA methylation % 

Bdnf 

promoter 

CpG -1 
Hippocampus 1, 16 0.427 0.523  1, 16 2.412 0.140  1, 16 0.440 0.517 

Cortex 1, 16 0.098 0.758  1, 16 1.038 0.323  1, 16 1.353 0.262 

CpG -2 
Hippocampus 1, 16 6.248 0.024  1, 16 0.203 0.658  1, 16 1.927 0.184 

Cortex 1, 16 1.284 0.274  1, 16 0.001 0.992  1, 16 1.066 0.317 

CpG -3 
Hippocampus 1, 15 0.017 0.898  1, 15 1.468 0.244  1, 15 0.053 0.820 

Cortex 1, 16 1.197 0.290   1, 16 0.784 0.389   1, 16 2.449 0.137 

CpG -5 
Hippocampus 1, 16 0.413 0.529  1, 16 0.562 0.464  1, 16 3.359 0.086 

Cortex 1, 14 0.487 0.497   1, 14 4.483 0.053   1, 14 2.601 0.129 

CpG -6 
Hippocampus 1, 16 1.844 0.193  1, 16 1.562 0.229  1, 16 2.073 0.169 

Cortex 1, 15 2.336 0.147   1, 15 0.358 0.558   1, 15 0.013 0.911 

CpG -7 
Hippocampus 1, 16 0.228 0.640  1, 16 0.006 0.938  1, 16 5.476 0.033 

Cortex 1, 15 0.917 0.353   1, 15 0.679 0.423   1, 15 1.076 0.316 

CpG -8 
Hippocampus 1, 16 0.302 0.509  1, 16 0.582 0.457  1, 16 2.233 0.155 

Cortex 1, 15 0.901 0.357   1, 15 1.189 0.293   1, 15 0.220 0.646 

P < 0.05 were considered statistically significant. Df stands for degrees of freedom. Bold values correspond to P < 

0.05. Italic values correspond to P <0.1.  
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Humanity is facing an imminent and complex public health concern because of the increasing 

aging population, and the associated age-related chronic diseases. Some of these diseases, 

particularly AD, take a heavy economic, social, physical, and psychological cost on patients, 

caregivers, and society.  

Nowadays, it is well established that the appearance of AD clinical symptoms, characterized by 

loss of recent memory, is not the onset of the disease. In contrast, it is considered a further stage 

of a pathological process that takes decades to evolve silently. Therefore, the new paradigm 

regarding AD is to act on this asymptomatic long stage in order to stop or delay the progression 

to the clinical phase, at which there are no remedies because the brain is too damaged. Similar 

to prevention of cardiovascular diseases, in which high risk individuals are treated for lowering 

cholesterol and prevent arteriosclerosis, this new perspective aims to identify individuals at risk 

in order to prevent clinical symptoms to appear. 

At the same time, AD is now recognized as a complex multifactorial disease attributable to several 

interrelated and interacting genetic and environmental factors. Some of these environmental 

factors constitute modifiable lifestyle features that can be targeted in preventive approaches. In 

fact, thanks to last decade efforts from the scientific, educational, and medical community, 

nowadays a significant proportion of the population is more aware about the relevance of a 

healthy lifestyle in order to achieve a healthy aging, including the regular practice of physical 

exercise and following a nutritionally balanced diet.  

Epigenetic changes have recently arised as contributors of the aging process and many age-

related chronic diseases such as AD. Moreover, since these mechanisms allow for the integration 

of long-lasting non-genetic inputs in the genome, it is also thought that they could be underlying 

the impact of lifestyle factors on health. This has led to the emergence of a new and promising 

field of research highly related with prevention and delay of chronic diseases.  

The present thesis aimed to provide more knowledge on epigenetic and gene expression changes 

that could be contributing to the cognitive dysfunction associated with pathological aging and AD, 

as well as their potential use as early AD biomarkers. The modulation of epigenetic and gene 

expression changes by physical exercise or dietary and genetic folate deficiency was also 

addressed in order to study their role on the impact of these particular lifestyle factors and genetic 

backgrounds on AD risk. While a specific discussion for each of the studies developed in this 

thesis is provided on each article, in this section I will summarize and interpret the main findings 

regarding the main goals of this thesis as a whole. 
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1. Epigenetic markers of aging and AD  

1.1 Early alteration of circulatory microRNAs in AD: potential preclinical biomarkers? 

So far, clinical trials to test new treatments in symptomatic AD patients have been consistently 

negative, and, consequently, AD research community is questioning whether clinical trials have 

been including participants who have already surpassed the optimal therapeutic window for 

intervention. Moreover, recent statistics predict that delaying the onset of AD dementia by as little 

as 5 years would significantly decrease the total number of people aged 65 years and older with 

AD. Within this context, early detection and early intervention in PAD subjects (defined as 

biomarker positive while asymptomatic) would help providing the basis for preventive approaches 

involving modifiable and lifestyle risk factors of disease progression, as well as pharmacological 

treatments that could potentially be more efficient at this stage (181,184) For instance, the A4 

study is a 3-year pharmacological trial for testing an Anti-Aβ antibody on PAD subjects (607). 

Given that miRNAs are dysregulated in different tissues of AD patients  (326) and the fact that 

epigenetic changes occur at a very early stage of the pathogenic process (158), we aimed to 

explore the potential of circulatory miRNAs as early biomarkers of AD. 

Our study on human plasma samples from Hospital Clinic cohort revealed two miRNAs, miR-34a-

5p and miR-545-3p, as potential biomarkers for preclinical AD. Both miRNAs positively correlate 

with CSF Aβ1-42 levels and present good diagnostic accuracy for distinguishing both PAD 

subjects and patients with AD from HC. Particularly, miR-34a-5p seems the best candidate for 

predicting CSF Aβ1-42 levels according to multiple linear regression model. In contrast to the 

currently used biomarkers for PAD detection, these plasma miRNAs represent non-invasive and 

relatively inexpensive candidates. In addition, miRNAs are less vulnerable to degradation than 

proteins and 10 times more stables than mRNAs, while plasma samples are considered to be 

more reliable than other bloodstream samples since coagulation is not required and less blood 

cell lysis is observed (608–611).  

At the pathophysiological level, the targets of these miRNAs are involved in synaptic and energy 

metabolism, Aβ production and clearance, neuroprotection and apoptosis. A downregulation of 

both miRNAs in AD plasma samples, and in CSF in the case of miR-34a-5p, has been reported 

in different studies, including ours (330,335,612,613). A downregulation of their targets, together 

with an upregulation of the miRNA itself in the case of miR-34a, has been observed in brain from 

AD patients. However, no studies have reported an increase of miR-545-3p in this tissue and we 

did not have the opportunity to measure it during this thesis. This will be important to address in 

future studies as inversed alterations in biological fluids compared with brain levels have also 

been reported for other AD and other neurological disorders biomarkers (330,335,614–617). A 

potential explanation for this imbalance could involve the disruption of secretion or clearance 

systems for these miRNAs, leading to their accumulation in brain and the reduction of their levels 

in plasma. Despite their specific alteration appears to be an early event in the pathology, we still 

do not know if it is a cause or a consequence of the main pathogenic mechanisms and to what 

extent it is contributing to the disease.  
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As a result of the lack of reproducibility in Cohort 2 from Hospital de Sant Pau, we hypothesize 

that the conditions of sample processing across hospitals as well as the contribution of several 

individual variables (with particular attention to age) need to be further characterized to determine 

their accuracy as early biomarkers for AD.  

With the limitation mentioned above, this is the first time that two miRNAs are reported to be 

altered in preclinical AD subjects, and, since all the samples were collected from the same area 

(Barcelona metropolitan area), its interpretation has to be taken with caution. However, the fact 

that these markers are also altered in AD patients from cohorts in Japan and USA, supports its 

consistency. 

Overall, our study shows early alteration of circulatory miRNAs in AD, which could be reflecting 

parallel alterations in neuronal tissues. The validation of low specificity and low cost biomarkers 

that allow the detection of PAD subjects, such as the ones proposed here, could contribute to the 

success of secondary prevention strategies (181,184,618). In case of successful validation, 

experts may consider these miRNAs for developing blood-based tests based on these biomarkers 

(619). Altogether it could represent a great advance in the early detection of AD, aiding in the 

prevention or the delay of the disease.   

1.2 Common miRNAs between Parkinson’s disease (PD) and AD 

Besides the samples from AD, PAD and controls, we also studied changes in PD, to verify the 

specificity of the potential AD biomarkers and to explore common changes in PD and AD. Both 

neurodegenerative diseases share environmental and genetic risk factors and show common 

mechanisms such as Tau and α-synuclein protein abnormal accumulation, nicotinic receptors 

affectation, oxidative stress, neuroinflammation, mitochondrial dysfunction, and dysregulation of 

brain iron homeostasis (620). According to our data, let-7d-5p and miR-146a-5p plasma levels 

are reduced in both PD and AD compared with HC. Consistently, miR-146a-5p is reported to be 

involved in neuroinflammation mediation and it is associated with different age-related features 

and altered in different tissues from AD and ALS patients (621–627). On the other hand, let-7d-

5p belongs to the let-7 family, a highly conserved family across species and it is associated with 

aging, lifespan and cognitive function, and its targets are involved in longevity, DNA damage, 

mitochondrial respiration, APP metabolism and stem cell maintenance (320,628–633). Thus, the 

deregulation of both miRNAs in a peripheral biofluid may reflect common mechanisms in both AD 

and PD pathologies. 

1.3 Alteration of hippocampal miRNAs and histone acetylation in (pathological) aging  

Discoveries in neuroepigenetics are providing an opportunity to better understand brain plasticity 

itself since these mechanisms provide the missing link in the dynamic interplay between 

experience and the genome, and allow the integration of transient non-genetic inputs or 

environmental factors (environmental exposure to certain chemicals, maternal behavior, 

psychological or physical stress, learning, drug exposure, psychological trauma, etc) into long-
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lasting modifications of neural circuits and neuronal properties. Given the central role of the 

hippocampus in memory and learning (634) and the fact that this tissue is particularly impaired in 

AD patients (635), we characterized the expression of different hippocampal epigenetic markers 

involved in aging and neurodegeneration in 8-month-old SAMP8 mice in order to explore their 

particular contribution to the pathological phenotype of this model.   

Our results reveal a general upregulation of miRNAs in the hippocampus of SAMP8 compared 

with SAMR1 mice. These general upregulation had been reported before in the liver and brain of 

several aging murine models (636,637) and could be considered, at least in part, a consequence 

of the global DNA hypomethylation observed in aging and AD since numerous miRNAs are 

modulated by DNA methylation status (66,321,383,396,404,638). Most of the upregulated 

miRNAs identified in our study have been associated with neural processes such as 

neurotransmitters synapses (acetylcholine, glutamate, and dopamine), long-term potentiation, 

axon guidance and neurotrophic signaling, and have also been found dysregulated in different 

tissues from AD patients. For instance, increased levels of miR-30e-5p, miR-125b-5p, and miR-

128-3p are common features in the hippocampus of SAMP8 mice and post-mortem hippocampus 

from AD patients (327,614,639–641). In fact, our results confirm bioinformatic data by Cheng et 

al. who have recently identified from a whole genome microarray study that miR-125b-5p may be 

involved in the brain aging phenotype of SAMP8 mice (642). Consistent with our findings 

regarding let-7d-5p plasma levels alteration in AD and PD, let-7i-5p, another member of let-7 

family, exhibited altered levels in SAMP8 compared to SAMR1. These results further reinforce 

the role of this miRNA family on pathological aging and neurodegeneration (320,628–633).  

On the other hand, we detected changes on hippocampal histone acetylation levels and HDAC 

gene expression. Particularly, we found a downregulation of the histone and other protein 

deacetylase Sirt1 in the hippocampus of SAMP8 mice, supporting the notion that decreased Sirt1 

expression is a feature of the accelerated brain aging and neurodegeneration (643,644). We also 

found a downregulation of histone deacetylases Hdac6 and Hdac5 in the hippocampus of 

sedentary SAMP8 mice. Loss of HDAC5 is associated to memory impairment in a mouse model 

for amyloid pathology (645), whereas HDAC6 is reported to facilitate the autophagy of misfolded 

proteins and aggregates of Aβ42 and p-Tau (646). However, further research is required to better 

understand the still controversial role of HDAC6 and our data indicate that the SAMP8 mice may 

represent a suitable model for this purpose. 

In addition, our results show a decreased global acetylation of histone H3 as a potential 

contributor to SAMP8 pathological aging phenotype. According to several authors, histone 

acetylation shows an overall decrease in the aged mice, and the application of HDAC inhibitors 

restores global histone acetylation improving memory deficits (482,647–649). Similarly, some 

publications associate histone H3 acetylation decrease and AD pathology. For instance, 

Neprilysin, a major degrader of Aβ peptides, is described to be downregulated by decreasing 

histone H3 acetylation at the gene promoter regions of mice hippocampal neurons (650) and 

Gjoneska et al. reported a decrease in histone H3 acetylation at regulatory regions of synaptic 
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plasticity genes in an AD model (484). The observation of global histone acetylation changes 

suggests that large-scale alterations of chromatin in the hippocampus occur in pathological aging.  

Our findings suggest dysregulation of miRNAs, histone acetylation and associated chromatin 

remodeling enzymes as potential contributors to SAMP8 pathological phenotype. Moreover, the 

detection of common epigenetic features between SAMP8 mice, human age-related cognitive 

decline and AD, provides further support for the suitability of this experimental model in future 

epigenetic studies regarding the onset and progression of AD, but also for development of 

therapeutic approaches.  

 

2. Impact of epigenetic and transcriptional changes induced by physical exercise and 

folate deficiency on aging and AD risk 

The contribution of epigenetic mechanisms to pathological brain aging opens an array of 

possibilities for preventing, delaying or treating the associated pathological symptoms since these 

mechanisms are potentially reversible. Environmental epigenetics investigate how epigenetic 

marks are reprogrammed through lifestyle or environmental factors in order to achieve a healthier 

epigenome and transcriptome. For this reason, physical exercise and diet have been two of the 

main themes of this thesis. Indeed, many nutrients or dietary compounds (including folate, vitamin 

B12, curcumin, resveratrol, selenium, etc.) are described to exert a favorable or unfavorable effect 

regarding AD onset and progression through epigenetic mechanisms (523). Similarly, several 

studies have described a modulation of epigenetic mechanisms by physical exercise on different 

peripheral systems and on CNS (499–501,524–526,528,537–539). The studies presented in this 

thesis on the impact of exercise and diet on transcription and epigenetics, in aging and AD risk 

models, help shedding some light into critical questions such as the epigenetic mechanisms 

involved in pathological aging, the identification of epigenetic biomarkers to be measured on 

intervention studies, and the potential interactions between genes and environment.  

 

2.1 Hippocampal microRNAs modulation by physical exercise  

According to our results four miRNAs (miR-7a-5p, miR-15b-5p, miR-105, miR-133b-3p) were 

regulated by physical exercise (markers of exercise) in the hippocampus of both SAMR1 and 

SAMP8 mice; whereas other three miRNAs (miR-28a-5p, miR-98a-5p, miR-148b3p) upregulated 

in SAMP8 mice in basal conditions, were further increased by physical exercise (aging markers 

responsive to exercise). All of them had been previously described to be altered in different 

tissues from patients of AD or other neurodegenerative disorders. The fact that some of the 

miRNAs are upregulated in SAMP8 and are further enhanced by exercise practice might be 

related to compensatory mechanisms that will require further characterization. We performed a 

bioinformatic pathway analysis for multiple miRNA effect in order to predict the functions of these 

hippocampal exercise-responsive miRNAs. Notably, it revealed that most of them participate in 

the regulation of axon guidance and PI3K-Akt, focal adhesion, IGF, mTOR and MAPK signaling 
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pathways, all of which are involved in aging-associated conditions and modulated in the brain by 

exercise (651–656). Further study is warranted to explore the precise mechanistic links between 

these miRNAs and the protective central effects of physical exercise.  

It is worth noting that one of the hippocampal miRNAs responsive to exercise, miR-15b-5p, was 

also identified as a specific biomarker for clinical AD in our study with human samples. MiR-15b-

5p is downregulated in plasma, CSF, and in gray matter of AD patients (335,639,641,657,658). 

Interestingly, some of the targets of this miRNA include Bace1 and Bcl2 genes, and have been 

previously described to contribute to AD pathology (624,659–661). Further studies should better 

explore the possibilities of the above mentioned miRNAs, and particularly of miR-15b-5p, as 

targets for exercise-based AD prevention or treatment approaches.  

2.2 Histone acetylation: a target of physical exercise and folate-deficient diet 

Our data indicates that lifestyle factors such as diet and physical exercise have an impact on both 

Hdac3 and Hdac5 gene expression, and in global histone H3 acetylation in the case of exercise. 

HDAC3 downregulation is a mechanism involved in long-term memory enhancement (662–664), 

and in the reversion of plasticity impairment and contextual memory deficits in different rodent 

models of AD (495,665,666). On the contrary, loss of HDAC5 is described to damage memory 

function in a mouse model for amyloid pathology (645). We hypothesize that FD diet-induced 

changes on both Hdac5 and Hdac3 genes in hippocampus and cortex, respectively, may be 

underlying some of the detrimental effects on cognition associated with this nutritional deficiency. 

On the other hand, exercise may exert some of its reported beneficial effects on SAMP8 cognitive 

performance through the downregulation of Hdac3 gene in hippocampus and the associated 

increase in global acetylation of histone H3. Notably, other therapeutic interventions such as 

environmental enrichment have been reported to increase global acetylation of H3 in SAMP8 

(578). We propose, therefore, that this modification could be considered a sensitive aging marker 

valid for monitoring beneficial lifestyle-based interventions in this model. Regarding folate-

deficiency study, it still remains to be determined whether the observed changes on histone 

acetylation levels are leading to changes in histone global acetylation.  

We propose that the hypoacetylation associated with aging and cognitive impairment 

(495,542,543) may be facilitated by detrimental lifestyle factors like a folate-deficient diet, and 

counteracted by beneficial lifestyle interventions like physical exercise. On a more global 

perspective, these findings are consistent with the idea that different healthy lifestyle interventions 

are prone to modulate cellular acetylation states (i.e. physical exercise (538,541), diet (530–

534,536), environmental enrichment (578), and, as we have also shown, stress-reduction 

interventions based on meditation practice (667)).  

2.3 Exercise and folate deficiency influence aging and AD risk through modulation of neurotrophic 

factors  

Bdnf, TrkB (one of the main Bdnf receptors), Neuritin (a well-characterized Bdnf target) and Ngf 

are essential for the survival, maintenance and regeneration of specific neuronal populations in 
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the adult brain and their downregulation has been related with aging-associated cognitive decline 

and AD pathology and symptoms (668–673). Several authors propose Bdnf and Ngf replacement 

approaches, the use of agonists at the TrkB receptor and neuritin exogenous supply as potential 

therapeutic treatments for neurodegenerative diseases such as AD (672–674).  

We found that exercise triggered an increase of Bdnf, TrkB, and Neuritin, in the hippocampus of 

both SAMR1 and SAMP8, whereas it facilitated the restoration of Bdnf levels in SAMP8. Bdnf 

gene and protein expression is particularly sensitive to physical activity according to numerous 

studies with different exercise interventions regarding type and duration (220,538,675–677). 

Unlike previous studies, our work explored the effect of a shorter exercise intervention on female 

aged mice of a non-transgenic pathological aging model. Notably, the estimated risk for 

Alzheimer’s at age 65 is 17 percent for women and 9 percent for men (2016 Alzheimer’s Facts 

and Figures, Alzheimer’s Association). 

Our data confirm that Bdnf pathway constitutes one of the main pathways by which moderate and 

voluntary physical exercise exerts some of its reported positive effects in the female brain, even 

in a context of accelerated aging and cognitive decline. This further highlights Bdnf as a good 

marker for evaluating the efficacy of physical exercise-based interventions.  

In our third study (page 103), we found that both dietary- and genetic-related folate metabolism 

deficiency involve the alteration of Bdnf pathway. These findings could help understanding the 

increase on the risk of AD associated with Mthfr 677 C>T mutation and low folate status in 

humans. Indeed, we observed a downregulation of Bdnf and Ngf gene expression by FD diet in 

hippocampus of mice. Previous works also suggested a connection between dietary folate levels 

and these neurotrophic factors in different tissues (678–683). However, these studies were 

performed in younger mice, together with other nutritional deficiencies or in the context of 

additional pathological conditions. Our data supports the modulation of these important factors by 

FD diet and their potential contribution to the detrimental effects on brain function and cognition 

associated with this nutritional deficiency in normal aged mice. Further studies are required to 

understand some complex findings from our study, such as the observation that FD diet 

upregulates Ngf in the brain cortex and downregulates it in the hippocampus. Actually, there are 

evidences of a compensatory mechanism in aged rats based on the increase of Ngf cortical levels 

to preserve cholinergic neurons (684).  

Consistent with their short-term memory impairment, Mthfr +/- mice exhibited a significant 

downregulation of hippocampal TrkB and cortical Bdnf gene expression. We found some 

evidences pointing to epigenetics as a mechanism responsible for the mentioned Bdnf modulation 

both by diet and exercise. Regarding folate metabolism disturbance, we observed an increase in 

DNA methylation within Bdnf Exon IV promoter consistent with the observed changes in gene 

expression due to both dietary and genetic deficiency. DNA methylation % in Bdnf Exon IV 

promoter is significantly increased in AD patients (685), which further supports this mechanism 

as a contributor for the associated AD risk. On the other hand, exercise-induced Bdnf increase 

may be partly triggered by the modest decrease in Hdac5 expression observed in SAMP8 due to 

exercise, a mechanism previously described by Gómez-Pinilla et al. (528). Epigenetic control of 
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Bdnf includes other mechanisms that have not been addressed in our two studies (686–688). It 

may be interesting to explore whether they are also contributing to Bdnf modulation by a folate 

deficient diet or a moderate physical exercise intervention. (447–449)  

 

2.4 APP metabolism-related enzymes: targets of folate deficient diet in cortex  

In our study concerning the impact of folate deficiency on AD risk, we found an upregulation of 

Psen1 and Bace in the cortex of Mthfr+/+ mice due to FD diet. This finding is of great relevance 

since it associates a nutritional deficiency such as folate deficiency with gene expression changes 

on enzymes directly involved in the formation of Aβ42, the most characteristic pathophysiological 

feature of AD. In the case of Psen1, we demonstrated that part of this upregulation is due to a 

reduction in methylation levels at CpGs -421 and -470 within the promoter of the gene, a 

modification also found in postmortem brains of AD patients (415). Therefore, low folate status 

seems to trigger several AD-related mechanisms, as suggested by our data and others (689).  

On the contrary, exercise seems to promote APP non-pathological metabolism, as suggested by 

unpublished data from our group with SAMP8 and the AD transgenic model 5xFAD, which 

indicate that exercise is able to increase gene and protein expression of the enzyme Adam10 

(data not shown). Once more, empirical data reveal the power of moderate exercise and balanced 

diet in neuroprotection. It will be extremely interesting to determine whether these two lifestyle 

factors can act synergistically to reduce Aβ42 accumulation. 

2.5 Consequences of folate metabolism disruption on DNA methylation  

As mentioned earlier, there is an important and complex interplay between DNA methylation, 

folate, and cognition. One-carbon cycle is considered one of the central metabolic pathways 

underlying these interactions (510). SAM, a main product of this cycle, is lowered in the CSF (690) 

and within the brains of AD patients (691), whereas studies in mice have reported an improvement 

in spatial memory in response to SAM supplemented folate deficient diet (692). We observed that 

SAM metabolite levels in cortex are slightly diminished in control mice due to FD diet, reinforcing 

previous data in brain, heart, intestines and liver, associating a reduction of this metabolite with 

this particular nutritional deficiency (514,693–697). Accordingly, our results further supports the 

reduction of SAM and the consequent dysregulation of methylation homeostasis as a potential 

contributor of the cognitive decline associated with folate deficient diet.  

Since low folate levels have been described to be associated with global DNA hypomethylation 

(698–701), the observed upregulation of Dnmt’s and Mat2a in control mice as a consequence of 

FD diet may constitute a compensatory mechanism due to the lack of SAM to restore DNA 

methylation levels in the cortex. In addition, this upregulation could also explain the increase that 

we observed in DNA methylation levels at certain Bdnf Exon IV CpGs. Indeed, concomitant with 

a global hypomethylation of DNA in aging and AD, hypermethylation at specific genes or 

promoters is also observed in animals fed with FD diets (701,702), as well as in aging and AD 

models (321,383,404).  
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Concerning Mthfr+/-, we did not observe any alteration on SAM, SAH or methionine metabolites 

in the brain, as observed previously in younger animals (553).  

Consistent with the global DNA hypomethylation previously reported in the brain of Mthfr+/- mice, 

we found that Dnmt3a is slightly decreased in the hippocampus, which may explain their short-

term memory impairment (553). Moreover, since lowered levels of Dnmt3a are detected in 

individuals with memory impairment and AD patients (369,703) its downregulation could be 

associated with the AD risk increase detected in humans with Mthfr 677 C>T mutation 

(554,594,704–707). Further studies measuring SAM, SAH or methionine levels in hippocampus 

of Mthfr+/- may be relevant to understand whether this genetic background is leading to a 

significant methyl-donor deficiency in the hippocampus. 

2.6 Dietary vs genetic folate deficiency 

Some of the negative effects of a mild Mthfr deficiency in humans and mice can be aggravated 

by low folate status according to different authors (689,694,708–713). However, in our study FD 

diet did not exacerbate changes observed in Mthfr+/- gene expression, DNA methylation or 

behavior. On the other hand, our study revealed that the phenotypes of FD Mthfr +/+ and CD 

Mthfr+/- are not similar, suggesting that diet deficiency and genetic susceptibility may contribute 

through alternative mechanisms to increase cognitive decline or AD risk.   

The fact that genetic folate deficiency is already affecting the mice during the embryonic 

development while diet folate deficiency starts at weaning may explain some of the different 

phenotypes observed in the study. Further research is needed to better characterize these diet x 

genotype interactions. Nevertheless, this study indicates that a folate deficient diet has a serious 

impact on some aging and neurodegeneration biomarkers, even in the absence of a genetic risk 

factor associated with folate metabolism.  

3. Advantages and limitations of the employed models 

SAMP8 mice was chosen for studying aging and AD-related epigenetics, and its potential 

modulation by physical exercise. As mentioned in the introduction (section  4.1.1), this mouse 

model exhibits premature and spontaneous traits of aging, including cognitive decline and shares 

common features with AD pathology (550,551,574,714). The animals used in our study were 8-

month old. In this stage, animals already present cognitive deficits, neuronal loss, dendrite spine 

loss, oxidative stress, increased p-Tau , and gliosis (550,573,574).  

The causes underlying the phenotype of AD transgenic models are directly associated to 

alterations in specific genes. In contrast, the causes and particular alterations underlying the 

observed SAMP8 phenotype are not completely described and are probably multifactorial, as it 

happens during aging in humans or in LOAD.  

From this point of view, SAMP8 could be considered a more integrative model compared to 

transgenic models. However, using this model also involves some limitations. For instance, when 

interpreting results is highly difficult to discern between causes and consequences of a certain 

phenotype due to the numerous unknown influencing variables. Finally, using SAMR1 as a control 
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for SAMP8 is highly accepted because of the shared genetic background. Nevertheless, the 

establishment of both P8 and R1 strains through crossbreeding between siblings can lead to 

differential genetic drifts, only detectable by the observed phenotype or once the results are 

obtained.    

On the other hand, Mthfr +/- mice were selected to study epigenetic alterations driven by genetic 

Mthfr deficiency. As indicated in the introduction (section 4.1.2), Mthfr +/- mice display a mild Mthfr 

deficiency, mild HHcy, and a folate deficiency, and are considered a valuable model for the 

common variant of MTHFR enzyme, 677C→T, a mutation associated to mild Mthfr deficiency 

(with a 60 % reduction in Mthfr activity), mild HHcy and AD risk (554,593–595,601,602). On the 

other hand, a folate deficient diet can also lead to mild HHcy and has been related to AD 

(523,589–592). Thus, employing control and folate deficient diets on both aged wild type 

(Mthfr+/`+) and transgenic mice (Mthfr+/-), allowed us to study the association between dietary or 

genetic folate metabolism disruption and AD risk. 

Since these experimental mouse models develop features of AD risk, it is difficult to assure, in 

the absence of severe pathological phenotypes, whether the observed changes may represent 

actual contributors to AD risk or just innocuous alterations. In that sense, MTHFR 677 C>T 

polymorphism and mild HHcy have been reported to confer vulnerability for other pathological 

conditions such as certain cancers (715–718), cardiovascular disease (719–722), 

neurodevelopmental problems (abnormal formation or closure of the neural tube) (723), PD, and 

some neurological disorders such as schizophrenia or bipolar disorder (723–725). Although the 

target genes investigated here correspond to CNS components and are likely to be related to AD 

disease and cognitive decline, we cannot discard the fact that the reported changes are also 

affecting the vulnerability for other neurological disorders.  

Finally, in the study with human plasma samples, working with two cohorts allowed us to highlight 

the importance of standardizing the sources of variability that might be underlying reproducibility 

issues across hospitals. Particularly, our second cohort presented some differences regarding 

age, CSF Aβ, t-Tau and p-Tau levels compared to the first cohort. The difficulty to identify 

individuals at the preclinical stage of the disease motivated us to perform the replication study 

with the second cohort despite of the undesirable differences. Unfortunately, these differences 

between cohorts constitute a limitation of the study since we cannot know whether these particular 

variances are indeed accounting for the contradictory results. The effect of the pre-analytical 

confounding factors which can account for the variability across studies (methodological 

heterogeneity, conditions of sample collection and storage, differences in purification protocols 

and normalization strategies, and environmental influences and biological factors such as age, 

diet, physical activity, stress, drug consumption, etc.) has been addressed before by different 

authors (726–728). In fact, some of these factors are already known to dramatically influence the 

real measurement of the current core AD CSF biomarkers (165,729).  

Therefore, establishing guidelines for sample storage and handling and assay protocols is crucial 

in order to obtain accurate diagnostic conclusions (730,731). In line with this, international working 
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groups of experts have been formed recently to address the challenges that have hampered the 

development of CSF and blood-based tests for AD (618,726). 
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4. Global discussion summary 

The findings comprised in this thesis reveal epigenetic and gene expression changes associated 

to pathological aging and preclinical and clinical AD, emphasizing the importance of the correct 

regulation of these mechanisms in the maintenance of healthy aging (Fig. 10). Importantly, 

evidence indicates that awareness of personal AD risk may motivate individuals to engage in 

beneficial, risk-lowering behaviors (732,733). In line with this, this thesis highlights the sensitivity 

of neuroprotective and epigenetic regulatory pathways to physical exercise and dietary or genetic 

folate disturbance (Fig. 10) and identifies plasma miRNAs as potential biomarkers which could 

help in the future for early detection of AD and successful implementation of such prevention 

strategies. The work presented here further reinforces, therefore, the impact of lifestyle factors on 

healthy aging and the direct role of epigenetic mechanisms on its orchestration. Although further 

investigation is warranted, our findings are part of a growing body of scientific research on 

neurosciences, providing sufficient evidence to support a change in health policies that includes 

diet and exercise as key elements for healthy cognitive aging and AD prevention. This could help 

delaying or preventing cognitive decline and AD in the elderly or in PAD subjects (secondary 

prevention), but may also improve the quality of life of AD patients if used as complement 

treatment approaches. Finally, we believe that promoting this kind of research will help, in the 

long-term, to extend the benefits of healthspan to the aging general population and to empower 

individuals about self-health care.  
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Fig. 10 Potential epigenetic, neurotrophic and APP-related markers of healthy and pathological 

aging or higher risk of AD, supported by data collected in this thesis. All markers correspond to 

hippocampal or cortical parameters, unless indicated as plasma biomarkers. Some of these 

markers appear to be modulated by folate deficiency or physical exercise.  
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1- Plasma miRNAs could represent valuable and non-invasive biomarkers of 

neurodegeneration, clinical and preclinical AD 

 

1.1 Plasma levels of miR-15b-5p, miR-34a-5p, miR-142-3p, and miR-545-3p may represent good 

candidates for AD specific biomarkers as confirmed by several studies including ours. However, 

age might be an important factor underlying variability issues between studies exploring plasma 

miRNAs as AD biomarkers. Other possible sources of variability need to be identified and 

standardized. 

 

1.2. Plasma levels of let-7d-5p and miR-146a-5p may represent good candidates for 

neurodegeneration biomarkers, at least altered both in AD and PD patients.  

 

1.3 The diagnostic value of plasma levels of miR-34a-5p, and miR-545-3p as early AD biomarkers 

warrants further studies. 

 

 

2- Alterations in epigenetic and neuroprotective mechanisms may contribute to 

neurodegeneration and accelerated aging in the SAMP8 mouse model.  An 8-week physical 

exercise intervention can modulate some of these changes. 

 

2.1 SAMP8 mice exhibit a general upregulation of miRNAs involved in aging and 

neurodegeneration and diminished levels of global histone H3 acetylation and histone 

deacetylases Sirt1, Hdac5, and Hdac6. Physical exercise modulates some of these alterations 

and seems to contribute to the restoration of aging-associated global de-acetylation of histone 

H3.  

 

2.2 In response to physical exercise, SAMP8 mice exhibit an upregulation of neuroprotective 

factors Bdnf, its receptor TrkB and its target gene Nrn1 in the hippocampus. These data support 

the beneficial role of exercise in the aging brain. 

 

3- Folate metabolism disturbances, either by diet or genetic vulnerability, alter epigenetic 

and neuroprotective pathways and promote the accumulation of Alzheimer’s disease risk 

factors. 

 

3.1 Short-memory funtion together with brain alterations in gene expression of neurotrophic 

factors, AD risk factors, epigenetic regulators and one carbon metabolism metabolites were 

altered by genetic or dietary folate pathway disruption. Particularly, dysregulation of both the 

neurotrophic factor Bdnf and the APP-processing enzyme Psen1, appear to be associated with 

changes on their gene methylation levels.  
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3.2 These molecular alterations in the brain might be contributing to the cognitive decline 

observed in our folate-deficient models and to the higher risk of AD reported in folate metabolism 

disturbances. 

 

3.3 Genetic and dietary folate deficiency do not appear to trigger similar or synergic effects in the 

brain. This result indicates the importance of establishing dietary guidelines for folate intake in the 

aging population independent from individual genetic susceptibilities. 

 

4- A comprehensive healthy lifestyle might facilitate the preservation of brain function 

during aging. Our data suggest that physical exercise and increased folate availability 

protect the aging brain through some common mechanisms such as Bdnf neuroprotective 

pathway and increased global histone acetylation.  
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