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Abstract
The neurodegenerative disorder Alzheimer’s disease (AD) is the 6th leading cause of death in the
USA. In addition to neurological and psychiatric symptoms, AD is characterized by deficiencies in
S–adenylmethionine (SAM), vitamin B12, and folate. Deficiency in these nutrients has been shown
to result in gene promoter methylation with upregulation of AD–associated genes. While some cases
of AD are due to specific mutations in genes such as presenilin 1 (PSEN) and the amyloid–β peptide
precursor protein (APP), these familial AD (FAD) cases account for a minority of cases. The majority
of genetic contribution consists of risk factors with incomplete penetrance. Several environmental
risk factors, such as cholesterol and diet, head trauma, and reduced levels of exercise, have also been
determined for AD. Nevertheless, the majority of risk for AD appears to be established early in life.
We propose to explain this via the LEARn (Latent Early–life Associated Regulation) model. LEARn-
AD (LAD) would be a “two-hit” disorder, wherein the first hit would occur due to environmental
stress within the regulatory sequences of AD–associated genes, maintained by epigenetic changes
such as in DNA methylation. This hit would most likely come in early childhood. The second hit
could consist of further stress, such as head trauma, poor mid–life diet, or even general changes in
expression of genes that occur later in life independent of any pathogenesis. Given that the primary
risk for LAD would be maintained by DNA (hypo)methylation, we propose that long–term nutritional
remediation based on the LEARn model, or LEARn–based nutritional gain (LEARnING), beginning
early in life, would significantly reduce risk for AD late in life.

Introduction: Hallmarks of and major molecular players in Alzheimer’s
disease

Alzheimer’s disease is the most common form of dementia, which is a group of brain disorders
that cause memory loss and a decline in mental function, over time. In fact, AD, which is a
progressive neurodegenerative disorder, is the 6th leading cause of death in the USA. It has
recently been cited as afflicting 5.3 million people, and further affecting at least another 9.9
million unpaid caregivers, according to the Alzheimer’s Association (2009). The disease
usually appears late in life and is characterized by extracellular plaque in specific brain regions,
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composed mainly of β–amyloid peptide (Aβ), intraneuronal tangles composed of microtubule–
associated protein tau (τ, MAPT), and progressive loss of synaptic markers and cholinergic
neurons, eventually resulting in dementia (Hardy, 2006; Maslow, 2008).

Many factors point to a significant genetic element in the etiology of AD. Significant risk for
developing AD is established by early adulthood (Ashford and Mortimer, 2002) or potentially
earlier in life (Borenstein et al., 2006). Incidence of early onset familial AD (FAD) led to the
discovery of several disease–associated mutations in the presenilin 1 (PSEN1), presenilin 2
(PSEN2), and Aβ precursor protein (APP) genes. In addition, the apolipoprotein E gene
(APOE) ε4 genotype has a dose–dependent association as a risk factor for AD (Corder et al.,
1993), and this genotype has been recently associated with altered temporal lobe activity in
young adults (Dennis et al., 2009). Polymorphisms in the APOE gene promoter have been
associated with AD and changes in promoter activity, irrespective of ε4 status (Maloney et al.,
2009). Twin studies of AD show 75%–80% concordance in monozygotic and 26%–46% in
dizygotic twins (Bergem et al., 1997). Additional genetic associations have been found with
the MAPT, insulin degrading enzyme (IDE), α2–macroglobulin, and endothelin converting
enzyme 2 (ECE2), among many other genetic associations (Lahiri et al., 2009).

Familial Alzheimer’s disease (FAD) represents minority of cases
On the other hand, evidence suggests that genetics alone cannot explain the incidence of AD.
The FAD mutations in PSEN1, PSEN2, and APP only account for no more than 5% of AD in
general (Maslow, 2008). The APOEε4 genotype has weak predictive power for AD, and
APOEε4 homozygotes do not necessarily develop AD (Myers et al., 1996). Twin studies rest
on certain assumptions that may not always be valid (Winerman, 2004). Likewise, significant
environmental risk factors have been determined for AD, including, but not limited to
cholesterol/diet (Sambamurti et al., 2004) head injury (Mortimer et al., 1991), inflammation
(Bales et al., 2000), and reduced midlife physical activity (Friedland et al., 2001). However,
the greatest risk factor for AD, as reported by the Alzheimer’s Association (2009), is advancing
age.

FAD vs. Sporadic Alzheimer’s disease (SAD)
Any complete model for the etiology of AD, or neurobiological disorders in general, must take
into account incomplete penetrance of associated genes and of non–genetic risk factors. A
currently popular model posits polygenic and multifactorial effects, with no single factor either
necessary or sufficient. Such a hypothesis actually sidesteps the issue of etiology. We propose
that AD, and potentially other neurobiological disorders, is a “cluster” of symptomatically
similar conditions with distinct etiologies, and we propose three likely parallel explanations
(Fig. 1). First, there are “fully” genetic cases, wherein mutation in a critical gene leads to an
autosomally inherited disorder, such as FAD. These appear to be a minority of cases. A second
category of cases would be “fully environmental”, in terms of AD, they would be precipitated
by events such as head trauma, exposure to certain toxicological agents, or acute oxidative
stress (Fig. 1). Such sporadic AD (SAD) would rely upon a cascade of events proximally
associated with the stress in question. Given the solid evidence in favor of (incomplete) genetic
associations for AD, we conclude that SAD would also be a minority of cases. SAD can, in
theory, be caused at any time of life and could affect expression of genes at any point, as it is
an essentially random process.

“Latent Early–life Associated Regulation” or “LEARn” model
We propose that the majority of AD cases would, instead, follow an etiology based on “Latent
Early–life Associated Regulation” or “LEARn” (Lahiri et al., 2007; Lahiri et al., 2009; Lahiri
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et al., 2008). Briefly, LEARn posits that early–life influences, such as exposure to metals,
nutritional variation, variation in maternal care, and other stressors modify potential expression
levels of disorder–associated genes in a latent fashion. Such latent changes are maintained by
epigenetic markers in the promoter sequences of such genes, such as changes in DNA
methylation, DNA oxidation, and chromatin organization. Later in life, LEARn–modified
genes would require additional triggers or “hits” to express at pathological levels (Fig. 1),
similar to the “two–hit” model of oncology (Scrable et al., 1989), also proposed for AD (Zhu
et al., 2007). In addition, LEARn proposes two structurally distinct categories of target genes,
“LEARned” and “unLEARned”. These structural differences are in densities of CpG and GG
dinucleotides, sites of DNA methylation and oxidation, respectively, of the primary DNA
sequences of the gene. Specifically, LEARned gene promoters have greater density of CpG
and GG dinucleotides than do unLEARned promoters at critical locations proximal to the +1
transcription start site (Lahiri et al., 2009). Early–life exposure to materials such as lead (Pb)
may induce a short term upregulation of LEARned AD–associated genes, followed by a long
latency period of “normal” levels of gene expression, but latency ends when disease–associated
gene expression levels increase later in life (Basha et al., 2005; Wu et al., 2008). Oxidative
DNA damage (measured by Oxo8dG), remains low early in life but later increases, potentially
due to suppression of repair enzyme expression (Bolin et al., 2006).

LEARn AD (LAD) explains the incomplete penetrance of genetic factors for idiopathic AD
using two avenues. First, specific DNA sequences would be more or less vulnerable to LEARn
“first hit” modification, according to sequence details. This could include promoter
polymorphic sites, especially those that would create or delete a CpG or GG dinucleotide.
Second, lack of an appropriate “second hit” would preclude development of LAD, even if a
“first hit” had been experienced.

The APP protein, Aβ peptide, and protein are all expressed in healthy individuals. Their simple
presence is not a sign of active or incipient AD. A trigger for the disease that is independent
of the presence of these proteins is likely to exist. What would trigger APP and Aβ peptides
to be overproduced in sporadic cases of AD? The LEARn model proposes that the initial APP
triggering mechanism occurs early in life, at developmental stages. Sites of action would be
within the promoter of APP and other AD associated genes. The trigger would be maintained
through differences in DNA methylation or other epigenetic structures. It is also possible that
genes with products protective against AD would have altered methylation patterns due to
environmental stress, much as some cancers have been found to associate with specific
hypomethylation of oncogenes accompanied with hypermethylation of protective genes
(Suzuki et al., 2009). However, a long–latent condition, such as LAD, is likely to function as
a “two–hit” disorder, similarly to those found in currently accepted models of cancer etiology
(Knudson, 1971), and previously proposed for AD by other workers (Zhu et al., 2007). In the
1980s, Barker and colleagues raised the possibility of developmental origins of late–life
disorders (Barker et al., 1989). More recently a detailed “DOHaD” (developmental origins of
health and disease) model (Gluckman et al., 2007) has been proposed as has been a
toxicological model of Szyf et al (Szyf, 2007). We extend the Barker hypothesis by proposing
specific, testable, molecular mechanisms. Likewise, in contrast to Zhu et al, we propose that
the first hit in the majority of AD would be during a critical period of early post–natal
development, and that it would not be a generalized “oxidative damage” but would, instead,
be present in specific vulnerable locations in LEARned gene promoters. Regarding the second
hit, it could be a specific environmental influence or even the changes in gene expression,
especially upregulation of inflammatory factors, that have been shown to be a function of
normal aging (Lu et al., 2004). This is not to say that these environmental insults “intentionally”
target AD–related genes in the brain. Instead, certain genes, by juxtaposition of CpG sites with
important active/inactive transcription factor sites, would be particularly vulnerable to the
effects of environmental stresses that alter CpG methylation patterns.
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Genotype vs. Somatic epitype, and the role of Oxidative damage in AD
LEARn introduces an intermediate step between genotype and phenotype, specifically the
“somatic epitype”, which is an epigenotype acquired after birth (Lahiri and Maloney, 2006).
Evidence for the somatic epitype includes changes in DNA methylation induced by maternal
behavior (Weaver et al., 2004). Furthermore, early overfeeding alters methylation and
expression levels of specific gene promoters (Plagemann et al., 2009).

Oxidative damage of DNA usually appears as conversion of d–guanosine to oxo8d–guanosine.
The 5’ “G” of a “GG” dinucleotide is a hot spot of such oxidation (Hall et al., 1996). This
interferes with the binding of methyl CpG–binding protein (MeCP) to methylated cytosine
(Valinluck et al., 2004), an “effective demethylation”. Heavy metals such as Pb are known to
induce oxidative stress (Fowler et al., 2004), and oxidative stress modulates DNA methylation
during malignant transformation (Campos et al., 2007). Methylation in mammalian DNA
occurs as the addition of a methyl group to cytosine residues at CpG dinucleotides (Valinluck
et al., 2004). Hypomethylation in the promoter region leads to elevated gene expression,
whereas hypermethylation results in decreased gene expression. Methylation is catalyzed by
DNA methyltransferase (DNMT) enzymes (Bestor, 2000). The activity of DNMT is reduced
by heavy metal (cadmium) exposure (Takiguchi et al., 2003). Environmental stressors,
including exposure to metals and dietary factors, may interfere with the methylation of CpG
clusters, thus altering affinity with potential transcription factors proteins, such as MeCP and
specificity protein 1 (SP1). Aluminum has been shown to induce Z–DNA conformation at CCG
repeats (Latha et al., 2002).

Role of nutrition in the development of LEARn-AD (LAD)
Nutrition plays a vital role in methylation of DNA, specifically the homocysteine (HCY)/S–
adenosylmethionine (SAM) cycle (Fig. 2A). This cycle requires the presence of folate and B12,
which facilitate the conversion of HCY to methionine, which is then converted to SAM. SAM
then serves as a source of methyl groups for multiple methylation reactions, including
methylation of DNA. SAM is thereby converted to S–adenosylhomocysteine, which then
converts to HCY in a reversible reaction (Fuso et al., 2005). Deficiency of folate and B12 would
reverse the cycle, resulting in increased HCY. HCY can convert to S–adenosylhomocysteine,
excess of which inhibits methyl transfer from SAM to various substrates, potentially resulting
in DNA hypomethylation (Fig 2B).

In the context of pathogenic gene expression, induction and remediation of B12/folate
deficiency have been shown to alter levels of PSEN1 and BACE1 expression and to alter levels
of Aβ in cell culture and in mice (Fuso et al., 2008; Fuso et al., 2009). The structure of the
BACE1 promoter would be illustrative of the process. This promoter has multiple CpG sites
along a 4 kilobase length. An SP1 transcription factor binding site that contains a CpG
dinucleotide has been determined to be active in this promoter (Christensen et al., 2004). B12/
folate deficiency would drive the HCY/SAM cycle in the “reverse” direction, inhibiting DNA
methylation. An unmethylated SP1 site would be available for transcription factor binding,
which would drive elevated BACE1 expression, leading to elevated amyloidogenesis (Fig. 3).
On the other hand, supplementation of the deficiency by folate/B12 or direct SAM
supplementation would result in driving the cycle “forward”, increasing DNA methylation.
Restored methylation would permit binding of methylated DNA binding proteins (MDBP),
which would block binding of SP1, reducing BACE1 gene transcription and, ultimately,
amyloidogenesis (Fig. 4). It should be noted in a similar context that overfeeding–induced
hypermethylation of the pro-opiomelanocortin (POMC) promoter that led to reduced gene
expression specifically interfered with SP1–binding sites (Plagemann et al., 2009).
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Methylation levels for an individual person can change over lifespan
It has recently been shown that methylation levels for an individual person can change over
lifespan in a significant portion of a human population (Bjornsson et al., 2008). A differential
delayed neurological response has also been demonstrated in rats subjected to postnatal
inflammation. The treatment resulted in increased susceptibility to seizure in adulthood (Galic
et al., 2008). When considering AD, a pair of identical twins with discordant development of
AD had been brought up in the same household. One twin developed AD, while the other did
not. It was determined that DNA methylation levels in the temporal neocortex and the superior
frontal gyrus, but not the cerebellum were different from each other, with the AD twin having
a lower level of methylation than the non-AD twin (Mastroeni et al., 2009). Likewise,
decrements in 10 markers of DNA methylation were found in the entorhinal cortex layer II in
AD post mortem brains compared to non–AD samples (Mastroeni et al., 2008).
Hyperhomocysteinema is well associated with AD (Seshadri, 2006), and this feature has been
associated with enhanced levels of gamma–secretase and BACE1 and elevated levels of Aβ
peptide in cell culture and animal studies (Fuso et al., 2008; Pacheco-Quinto et al., 2006; Zhang
et al., 2009). The alterations in gamma–secretase and BACE1 expression are related to changes
in gene methylation (Fuso et al., 2009). Vitamin B deprivation resulted in
hyperhomocysteinemia and upregulation of gamma–secretase and BACE1 (Fuso et al.,
2008).

These facets of AD vis HCY, folate, and B12 could reasonably suggest an acute relationship
among HCY, folate, B12, and AD. High dose supplementation has been shown to reduce
plasma HCY levels in AD (Aisen et al., 2003). However, a later controlled study of
supplementation with B12 and B6 indicated no change in cognitive decline in mild or moderate
AD among patients receiving supplementation vs. those not receiving supplementation (Aisen
et al., 2008). If AD were due to an acute nutritional deficiency or imbalance, reversal of this
imbalance should at least slow progress of the disorder.

Nutritional remedy: LEARn–induced nutritional gain, or LEARnING
Our LEARn model proposes that connections among AD, HCY/SAM cycle, and DNA
methylation are, on the other hand, indicative of a latent condition that may be reversed given
sufficiently early intervention. Risk for development and progress of AD is likely to be
established by early adulthood (Riley et al., 2005; Snowdon et al., 2000), and a significant
body of data points to adopting a “life–course approach” to AD etiology (Whalley et al.,
2006). Such a long term of latency suggests the possibility of early–life nutritional remediation.
It would be expected that, while vitamin B supplementation would not be efficacious at slowing
the progression of AD, higher folate intake has been related to reduced risk of AD in a USA
population (Luchsinger et al., 2008). Fruit juices, such as 0.5% apple juice concentrate, have
been shown to be a useful source of SAM, reversing DNA hypomethylation in mice (Chan and
Shea, 2006). In addition, exercise in rats has been shown to modulate the activity of mucosal
betaine–homocysteine methyltransferase 2, potentially reducing aberrant methylation
(Buehlmeyer et al., 2008). This suggests the possibility that lifestyle habits suspected to protect
against AD, such as physical exercise (Kivipelto and Solomon, 2008), may work through
remediation of early–life aberrant DNA methylation. We refer to nutritionally–based early–
life therapeutic modification of epigenetic markers of LEARn as LEARn–based induced
nutritional gain, or LEARnING.

Summary of three etiological pathways for AD: FAD, SAD and LAD
We have distinguished among three distinct etiological pathways for AD. Each pathway has
distinctive actors and suggests unique approaches for treatment or cure (Table 1). When the
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major factor is the genotype, FAD occurs. In such cases, the cause is mutation in specific genes,
such as APP718V/M. Remediation would be limited to symptomatic treatment or extremely
difficult techniques such as gene therapy. However, while tragic, FAD is rare. If Environment
is the primary operator, SAD would occur. In such a case, reversing the unhealthy
environmental factor at an early enough stage should halt or at least slow down the disorder.
Work associated with the HCY/SAM cycle indicates that, if SAD occurs, it is sufficiently rare
to not strongly influence studies based on nutritional remediation. On the other hand, if somatic
epitypes are produced and induced in a LEARn fashion to produce LAD, this suggests the use
of early dietary and other lifestyle supplementation to act as a prophylactic measure against
AD to be the most desirable course. This suggests directing research toward discovering early–
life epigenetic changes that associate with AD, determining methods to efficiently detect these
changes and early–life remediation methods to eliminate AD before it occurs. In addition,
understanding which specific epigenetic pathways are involved in LAD could lead to more
effective later–life prophylactic and remediation that would reduce the need for “catch–up”
symptom–based therapies.
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Fig. 1. Pathways to AD, FAD, SAD, LAD
Three pathways are posited that can lead to pathogenic conditions such as AD. In the familial
AD (FAD) pathway, genotype results directly in AD. This pathway explains a minority of AD
cases. In the sporadic (SAD) pathway, genotype or somatic genotype have minimal input
(excluding cases of FAD), and it is direct, non–latent response to environmental insults (such
as metal toxicity or head trauma) that lead to AD. In the LEARn AD (LAD) pathway,
environment induces epigenetic marker shifts in critical gene sequences, resulting in potentially
pathogenic, but latent, somatic epitype(s). These somatic epitypes would undergo “second hit”
environmental effects that result in disease.
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Fig. 2. The HCY/SAM cycle
B) Dietary folate and B12 facilitate the conversion of HCY to methionine, which is then
converted to SAM. SAM can also be directly supplemented. SAM provides methyl groups for
transfer to DNA by DNA methylases and is converted to S–adenosylhomocysteine in the
process. Low levels of HCY drive conversion of S–adenosylhomocysteine to HCY, which is
then reconverted to methionine. A) Pathogenic (reverse) pathway. Lack of folate and B12
permit accumulation of homocysteine (HCY), which is converted to S–adenosylhomocysteine.
High levels of S–adenosylhomocysteine block transfer of methyl groups from S–
adenylmethionine (SAM) to DNA or other substrates.

Lahiri and Maloney Page 11

Exp Gerontol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Deregulation of BACE1 promoter from B12/folate deficiency
Under nutrient–deficient conditions, the HCY/SAM cycle runs in “reverse”, resulting in
reduced DNA methylation efficiency. Lack of methylation of critical CpG dinucleotides
prevents binding of methyl–DNA binding proteins (MDBP) and permits binding of
transcription factors such as SP1. SP1 binding drives increased gene expression, which
ultimately results in elevated amyloidogenesis.
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Fig. 4. Regulation of BACE1 promoter following B12/folate or SAM supplementation
Methylation deficiency can be remediated by dietary supplementation with B12, folate, and/
or SAM. This would drive the HCY/SAM cycle “forwards” and provide more abundant methyl
groups for transfer to substrates such as CpG dinucleotides. Methylated CpG would permit
binding of MDBP, which would inhibit binding of SP1. Inhibition of SP1 binding would
regulate gene expression and reduce levels of BACE1 and amyloidogenesis.
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Table 1

From LEARn to LEARnING–paths from cause to remedy

Major Factor Major Players Remedy

Genotype → G (FAD) Mutation in particular genes such as APP718 V/M Difficult/non–existent (future gene therapy
technique?)

Environment → E (SAD) Head trauma, nutritional imbalance, pestichemicals, metals Restore healthy environment

Somatic Epitype → GSE (LAD) Epigenetic markers via LEARned and unLEARned
promoter sequences

Proper dietary supplements (e.g., folate) during
developmental period (LEARnING)
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