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Abstract
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Since Alzheimer’s disease (AD) has no cure or preventive treatment, an urgent need exists to find a
means of preventing, delaying the onset, or reversing the course of the disease. Clinical and
epidemiological evidence suggests that lifestyle factors, especially nutrition, may be crucial in
controlling AD. Unhealthy lifestyle choices lead to an increasing incidence of obesity, dyslipidemia
and hypertension — components of the metabolic syndrome. These disorders can also be linked to
AD. Recent research supports the hypothesis that calorie intake, among other nongenetic factors, can
influence the risk of clinical dementia. In animal studies, high calorie intake in the form of saturated
fat promoted AD-type amyloidosis, while calorie restriction via reduced carbohydrate intake
prevented it. Pending further study, it is prudent to recommend to those at risk for AD — e.g., with
a family history or features of metabolic syndrome, such as obesity, insulin insensitivity, etc. — to
avoid foods and beverages with added sugars; to eat whole, unrefined foods with natural fats,
especially fish, nuts and seeds, olives and olive oil; and to minimize foods that disrupt insulin and
blood sugar balance.
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Alzheimer’s disease (AD) is a growing public health concern with potentially devastating
effects, especially among the elderly population. Ever since the first description of clinical
dementia by Alois Alzheimer in 1907, the disease has increased exponentially worldwide. At
present, 4 million Americans are affected with AD, with an estimated annual health care cost
of almost 100 billion dollars. With the expected increase in the population of people over the
age of 65, it is estimated that the total incidence of AD will quadruple by 2050 (Brookmeyer
et al., 1998).
Currently, AD has no cure or preventive treatment. Research on drugs to prevent it or to slow
its progression may pay off at some point in the distant future. Meanwhile, an urgent need
exists to find a means of preventing, delaying the onset, or reversing the course of AD. Since
the disease typically strikes very late in life, for some people delaying its symptoms could be
just as good as a cure. It is now widely accepted that delaying the onset of AD by just five
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years can cut its incidence in half (www.alz.org/national/documents;
www.alz.org/national/documents)
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Clinical and epidemiological evidence suggests that lifestyle factors, especially nutrition, may
be crucial in controlling AD. Evidence supporting a direct link between nutrition and AD
neuropathology continues to grow, as the disease’s mechanistic pathways are defined and
biochemical functions scrutinized. We, among others, have recently reported experimental
dietary regimens that may promote, attenuate, or even partially reverse features of AD (Wang
et al., 2005; Qin et al., 2006a; Qin et al., 2006b).

AD amyloid neuropathology as a target for therapeutic dietary lifestyle
factors
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AD is characterized by extracellular amyloid-β (Aβ) plaques and intracellular neurofibrillary
tangles composed of abnormally hyperphosphorylated microtubular protein tau in the brains
of these patients. The disease manifests clinically as a progressive loss of cognitive abilities.
It is also well recognized that Aβ exists in multiple assembly states, which have different
physiological or pathophysiological effects. Although the classical view is that Aβ is deposited
extracellularly, emerging evidence from transgenic mice and humans indicates that this peptide
can also accumulate intraneuronally, which may contribute to disease progression (LaFerla et
al., 2007).
While currently no cure exists for AD, even delaying AD onset by a few years would lead to
significant reductions in disease prevalence and, consequently, its burden on health care
systems. A long-recognized hallmark of AD is the accumulation of neurotoxic Aβ peptides
and their deposition into extracellular Aβ plaques in the brain (Selkoe, 2001). Aβ species with
different amino and carboxy termini are generated from the ubiquitously expressed amyloid
precursor protein (APP) through sequential proteolysis by β- and γ-secretases (Haass et al.,
1992; Shoji et al., 1992; Busciglio et al., 1993). A third proteolytic enzyme, α-secretase, may
reduce Aβ generation by cleaving APP within the Aβ peptide sequence (Vassar and Citron,
2000). In the twenty years since the APP gene was cloned, evidence continues to accumulate
that supports a seminal role for Aβ in AD. In addition, other factors linked to AD, including
Apolipoprotein E, insulin-degrading enzyme, and presenilins, all affect Aβ metabolism.

Aβ neuropathology and mitochondrial energy metabolism in AD
pathogenesis
NIH-PA Author Manuscript

Recent evidence links a potential pathogenetic role of Aβ neuropathology in AD with
mitochondria pathogenesis, ultimately playing a pivotal role in the onset and possibly in the
progression of clinical dementia (Bubber et al., 2005). Mitochondria, in the presence of
elevated Aβ peptides, increase the formation of reactive oxygen species (ROS) which act as
damaging agents and as signaling molecules. Interestingly, inhibition of energy metabolism
alters the processing of the amyloid precursor protein (APP) and induces potentially
amyloidogenic Aβ fragments (Gabuzda et al., 1994). Moreover, highly reactive ROS are
capable of unleashing mechanisms involving the liberation of cytochrome c, which leads to
neuronal apoptosis (Picklo and Montine, 2007; Vina et al., 2007), a feature of the AD brain.
Consistent with these observations, a recent genome-wide microarray study of the AD brain
found a strong association between the decreased expression of mitochondrial gene products
involved in mitochondrial oxidative phosphorylation (OXPHOS) and glucose metabolism as
a function of the progression of clinical dementia (Qin et al., 2008). In line with this observation,
recent positron emission tomography studies demonstrated that (mitochondrial) glucose
utilization is also reduced in the brain of patients with AD, supporting the hypothesis that
J Neurochem. Author manuscript; available in PMC 2009 August 1.
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glucose hypometabolism in AD-afflicted brains might ultimately result in increased steadystate concentrations of cerebral glucose (Haley et al., 2006).
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This evidence is quite interesting, especially in view of recent evidence from our laboratory
suggesting that, in an in vitro model of AD-type amyloidogenesis, the predicted elevation of
amyloidogenic Aβ peptides coincides with hyperglycemic culture conditions in a dosedependent manner (Qin et al., 2008). This evidence strongly associates abnormal brain glucose
metabolism with abnormal OXPHOS mitochondria in the AD brain and possibly provides
further evidence supporting a causal role for hyperglycemic conditions associated with
metabolic syndrome as risk factors in AD (Craft and Watson 2004; Craft et al., 2007; Jagust
et al., 1991; Minoshima et al., 1995). Although evidence exists that hyperglycemia in type 2
diabetes causes up to a fourfold increase in neuronal glucose levels (Tomlison and Gardiner,
2008), the molecular mechanisms through which impaired glucose metabolism/mitochondrial
oxidative phosphorylation contributes to AD amyloid neuropathology is currently the subject
of intensive investigation (Lin and Beal, 2006), especially in respect to the potential role of
dietary lifestyle factors (discussed below) in the prevention of AD dementia.
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We also note, however that recent studies suggest that the antioxidant diet in aged beagles
although not decreasing Aβ-amyloid neuropathology may enhance cognitive performance
(Head et al., 2008), further supporting the hypothesis that control of mitochondrial OXPHOS
activities among other factors, might be also further exploited as novel therapeutic targets for
the beneficial role of certain dietary life style factors involved in the prevention of clinical
dementia independent from AD Aβ amyloid neuropathology (Smith et al., 2000).

Metabolic syndrome as a risk factor for AD: The role of obesity
Much epidemiological evidence indicates that type 2 diabetes (a non-insulin dependent form
of diabetes mellitus, NIDDM) is associated with a two- to threefold increased relative risk for
AD, independent of the risk for vascular dementia (Leibson et al., 1997; Stolk et al., 1997;
Kilander et al., 1998; Forette et al., 1998; Grant, 1999; Skoog et al., 1996; Pyorala et al.,
2000; Meyer et al., 2000; Petot et al., 2003). High calorie intake and diets high in sugar and
refined flour are major health concerns in the Western diet; along with sedentary lifestyles,
they have been linked to an increased relative risk of AD. These unhealthy lifestyle choices
have led to the growing incidence of obesity and altered insulin receptor (IR) signaling due to
hyperglycemic condition, also known as IR-insensitivity, among other conditions. This
complex of symptoms is generally known as metabolic syndrome (Torpy et al., 2006). While,
until lately, metabolic syndrome was recognized for its aggravating role in several diseases —
in particular, cardiovascular disorders — recent evidence strongly suggests metabolic
syndrome as a major risk factor for AD dementia.
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Obesity has received a large amount of attention as a risk factor for AD (Craft and Watson,
2004; Craft et al., 2007; Whitmer et al., 2007; Fewlass et al., 2004). Indeed, growing evidence
suggests a possible association between obesity in middle age, as measured by body mass index
(BMI) and skinfold thickness, and risk of dementia later in life (Whitmer et al., 2007). For
example, obese participants (BMI greater than or equal to 30) in this study had a 35 percent
greater risk of dementia compared with those of normal weight (BMI ranging from 18.6 to
24.9). The study concluded that obesity in middle age increased the risk of future dementia
independently of comorbid conditions. Finally, consistent with this evidence, Balakrishnan et
al. (2005) investigated the association between plasma Aβ levels, BMI and fat mass (FM).
They found that certain molecular indexes recently implicated in inflammation processes,
cardiovascular disorders, and hyperglycemic conditions in type 2 diabetes — which in turn are
major risk factors in AD — contribute to the association between BMI/FM and plasma Aβ
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content, further linking obesity mechanistically with the onset, and possibly the progression,
of AD dementia.
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More recently, obesity has been further linked mechanistically to AD pathogenesis based on
abnormal metabolism of the obesity-related protein leptin (Fewlass et al., 2004). Leptin, a
peptide hormone secreted by adipose tissue, exhibits a wide range of central and peripheral
actions. Among other functions, it was proposed that leptin’s participation in diseases such as
obesity is due, at least in part, to its impaired transport across the blood-brain barrier (BBB)
(Dietrich et al., 2007). Interestingly, leptin was shown to attenuate β-secretase processing of
APP in neuronal cells, possibly through mechanisms involving altered lipid composition of
membrane lipid rafts. Most strikingly, chronic administration of leptin to AD-transgenic
animals reduced the brain Aβ load, suggesting its therapeutic potential in AD (Fewlass et al.,
2004). Consistent with this evidence, Dietrich et al. (2007) demonstrated that circulating leptin
is transported into the brain by binding to the lipoprotein receptor megalin at the choroid plexus
epithelium. In line with this hypothesis, attenuation of megalin expression in physiological and
pathological conditions, such as during aging or in AD dementia, correlates with poor entry of
leptin into the brain (Dietrich et al., 2007). Collectively, this information provides support to
the hypothesis that pharmacological manipulation of leptin might be developed into a novel
therapeutic strategy for AD.
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The role of diabetogenic dietary lifestyles and altered IR signaling in AD:
Experimental approaches and therapeutic implications
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Experimental evidence suggests that abnormalities in insulin metabolism in diabetic conditions
mechanistically influence the onset of AD via their influence on the synthesis and degradation
of amyloidogenic Aβ peptides. For example, insulin itself may significantly promote Aβ
accumulation by accelerating amyloid precursor protein (APP)/Aβ trafficking from the transGolgi network, a major cellular site for Aβ generation, to the plasma membrane (Gasparini et
al., 2001). Moreover, elevated levels of circulating insulin in diabetic conditions may also
provoke amyloid accumulation by directly competing with Aβ for the insulin-degrading
enzyme (IDE), thereby limiting Aβ degradation by IDE. Accumulating evidence has shown
that, under diabetic conditions, impairments in certain IR-responsive cellular signaling
pathways may also mechanistically promote AD-related neuropathology and cognitive
deterioration (Phiel et al., 2003; Ho et al., 2004; Cao et al., 2007; Li et al., 2007; Craft, 2007).
Building on this observation, a recent hypothesis suggested that, regardless of diabetic or
nondiabetic status, impaired insulin signaling in the brain may be a common underlying cause
for sporadic AD (Steen et al., 2005). Cellular insulin signaling is initiated by the coupling of
extracellular insulin with the IR in the plasma membrane, leading to IR activation and
subsequent promotion of cellular IR-signaling processes (Taniguchi et al., 2006). Despite the
central role of IR activation in cellular IR-signaling processes, there is limited and conflicting
information on the regulation and activity of IR in the brains of subjects with sporadic AD. In
particular, Frolich et al. (1998) reported significantly increased IR-binding activity in the brains
of subjects afflicted with sporadic AD. In contrast, Steen et al. (2005) and Rivera et al.
(2005) observed that AD is associated with significantly reduced IR content and IR activity in
the brain. While this evidence tentatively suggests that abnormal carbohydrate metabolism
might play an important role in AD through mechanisms that involve Aβ peptide generation,
experimental studies also suggest that insulin resistance may promote AD amyloid
neuropathology in Tg2576 mice, possibly by limiting Aβ degradation via competition with
insulin for degradation by IDE (Farris et al., 2003).
While insulin has received major attention for its potential role in amyloid neuropathology,
recent evidence also suggests a role for insulin in normal memory function, supporting the
hypothesis that insulin, by itself, affects many mechanisms related to neuronal activity and
J Neurochem. Author manuscript; available in PMC 2009 August 1.
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cognitive function. Chronic hyperinsulinemia and insulin resistance, or reduced insulin
effectiveness, may negatively influence memory (Luchsinger et al., 2004a). Hoyer (2002)
proposed that low concentrations of circulating insulin in the central nervous system — along
with reduced IR expression and subsequent altered downstream signaling — would ultimately
lead to reduced levels of acetylcholine and a corresponding decrease in cerebral blood flow.
We recently explored the role of experimental type 2 diabetes in a mouse model of AD amyloid
neuropathology. We found that a diabetogenic diet resulting in hyperglycemic and
hyperinsulinemic conditions coincided with increased amyloidogenic Aβ1–40 and Aβ1–42
peptide levels and AD-type Aβ neuropathology in the brains of AD mice (Ho et al., 2004).
Moreover, the increased AD-type amyloid burden also coincided with a significant potentiation
of cognitive deterioration (Ho et al., 2004). Further exploration of the apparent interrelationship
of insulin resistance to brain amyloidosis revealed a functional decrease in IR–mediated signal
transduction in the brain (Ho et al., 2004). Collectively, these studies strongly suggest that one
mechanism through which diet-induced insulin resistance in AD mice can significantly
promote AD-type amyloidosis in the brain is the impairment of IR signaling, which results in
elevation of γ-secretase activities. The studies suggest that hyperglycemic conditions
associated with experimental type 2 diabetes conditions may further contribute to AD-amyloid
neuropathology by attenuating the degradation of Aβ peptide pathways associated with IDEs
(Scheme 1) (Ho et al., 2004; Zhao et al., 2006).
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Consistent with our finding, Li et al., (2007) examined whether AD-type neuropathology and
cognitive deterioration occurred in two rat models with spontaneous onset of type 1 and type
2 diabetes; they found that endogenous Aβ peptides, phospho-tau accumulation, and
neurodegeneration are primarily features of rats with hyperglycemic type 2 diabetic rather than
with type 1 insulin-independent diabetes insipidus. The severity of AD-type neuropathologic
changes was greater in the type 2 diabetic model and appeared to be associated with
hypercholesterolemic conditions. A more recent study also suggests that a hyperglycemic
condition may also exacerbate intra-cerebral administration of Aβ peptides, with respect to
spatial learning and memory function, relative to control normoglycemic mice (Huang et al.,
2007). Finally, a recent study suggests that intake of sucrose-sweetened water induces insulin
resistance and exacerbates memory deficits and amyloidosis in a transgenic mouse model of
AD neuropatholgy (Cao et al., 2007). However, we also note that vascular factors could also
contribute and predict the rate of progression in AD (Mielke et al., 2007). Thus, despite the
exciting evidence from experimental rodent models of AD-type neuropathology further
discussed below suggesting a pathogenetic role of Aβ in the onset and progression of AD
dementia, Aβ amyloidosis might not be both necessary and/or sufficient to explain the
development of AD clinical dementia, under certain conditions (Hayden et al., 2006).
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Collectively, these studies suggest that controlling certain cardiovascular risk factors e.g.
hyperglycemic conditions by engaging in healthy dietary lifestyles might prove to be an
effective way to curtail the risk of developing AD through the control of either Aβ dependent
or independent brain pathogenetic mechanisms as further discussed below.

Calorie restriction (CR) as a potential preventative dietary lifestyle factor in
AD
Recent studies support the hypothesis that calorie intake, among other non-genetic factors,
influences the relative risk for AD clinical dementia. Most remarkably, while, as discussed
above, high calorie intake may promote AD neuropathology, recent experimental evidence
strongly supports the hypothesis that CR (primarily via reduced carbohydrate intake) can
prevent it (see below). This exciting evidence is consistent, in part, with current
epidemiological studies suggesting that obesity and diabetes are associated with a more than
J Neurochem. Author manuscript; available in PMC 2009 August 1.
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fourfold increased risk for developing AD. Clarifying the mechanisms through which calorie
intake may ultimately influence AD neuropathology, and eventually discovering future
“mimetics” capable of recapitulating “anti-Aβ activities” will provide new avenues for the
design of healthy dietary lifestyle therapeutic strategies for the treatment of AD and, possibly,
other neurodegenerative disorders. The preventive effects of calorie reduction on the etiology
of mild cognitive impairment (MCI), which are cases at high risk for developing AD cognitive
decline, are supported in part by recent epidemiological evidence suggesting that individuals
who habitually consume fewer calories demonstrate a reduced incidence of AD (Luchsinger
et al., 2002; Gustafson et al., 2003).
Although evidence supports a potential neuroprotective role for calorie reduction in
neurodegeneration (Mattson, 2003), until recently there was no information on whether
reduced calorie intake could attenuate AD neuropathology. Based on this consideration, we
explored whether a clinically applicable weight reduction/calorie reduction regimen could
attenuate the AD-type phenotype and found, for the first time, that calorie intake restriction
based on an approximately 30 percent reduction of carbohydrate content in a mouse model of
AD may prevent AD-type neuropathology through mechanisms associated with longevity
(Wang et al., 2005).
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Most importantly, in more recent studies consistent with the evidence from Tg2576 mice,
discussed above, our laboratories confirmed this evidence by showing that a similar 30 percent
calorie reduction in squirrel monkeys coincides with a significant reduction in Aβ1–40 and
Aβ1–42 peptide content in the brain (Qin et al., 2006a). In view of the fact that several studies
of squirrel monkeys have been successfully used to provide important human physiological
and biological information at the organism, tissue, cellular, and molecular levels, these studies
in squirrel monkeys strongly support the hypothesis that clinically applicable calorie reduction
regimes might prevent amyloid neuropathology in humans, possibly preventing mild MCI and
AD.
Although these studies are encouraging, and tentatively suggest that changes in dietary lifestyle
such as lowering calorie intake might beneficially influence AD, we note that malnutrition
remains a general problem among the elderly. Hence, dietary recommendations in AD may
need to be made according to the needs of such comorbidities as type 2 diabetes and
cardiovascular diseases.

Sirtuins at the crossroads of the promotion of longevity and the prevention
of AD amyloid neuropathology following calorie restriction
NIH-PA Author Manuscript

Sirtuins, also known as silent information regulators, are class III histone deacetylases (HDAC)
that catalyze deacetylation reactions in an NAD+-dependent manner (Qin et al., 2006b).
Sirtuins regulate important cell functions by deacetylating histone and nonhistone targets.
Activation of sirtuin extends lifespan and promotes longevity and healthy aging in a variety of
species, potentially delaying the onset of age-related neurodegenerative disorders.
Based on this consideration, we tested the hypothesis whether promotion of the NAD+dependent sirtuin, SIRT1, mediated deacetylase activity — a mechanism by which CR
influences AD-type amyloid neuropathology — and found that it did (Qin et al., 2006b). Most
interestingly, we found that the predicted attenuation of Aβ content in the brain during CR can
be reproduced in mouse neurons in vitro by manipulating cellular SIRT1 expression/activity,
ultimately promoting the nonamyloidogenic α-secretase processing of the APP, which
precludes the generation of Aβ peptides. These results demonstrate, for the first time, a role
for SIRT1 activation in the brain as a novel mechanism through which CR may influence AD
amyloid neuropathology. The study provides a potentially novel pharmacological strategy for
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AD prevention and/or treatment. We also note that, in mammalian systems, sirtuin activators
may also protect against axonal degeneration, polyglutamine toxicity, and microglia-mediated
Aβ toxicity, suggesting the potential therapeutic value of sirtuins for patients with AD (Gan,
2007). SIRT1 was recently shown to play a protective role against microglia-dependent Aβ
toxicity through inhibition of NF-kappa B signaling (Chen et al., 2005).

Dietary phytonutrients and food supplements: A role in the prevention of AD
dementia?
An unprecedented consumer demand has arisen for foods or food constituents that help prevent
or manage health conditions, including AD (Howes et al., 2003; ANON 2003; Anekonda et
al., 2005). In 2002, 8 percent of consumers indicated that they had purchased food products
aiming to prevent an undesirable health condition, and 50 percent of consumers reported
purchasing foods to manage or treat conditions.
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Much of this consumer demand for therapeutic food products is for foods containing
polyphenols. Over 35 thousand plant species currently used for medicinal purposes around the
world possess more than 4 thousand polyphenolic structures (Macheix et al., 1990; Maclennan
et al., 2002; Manach et al., 2005; Williamson and Manach, 2005). These dietary polyphenolics
provide numerous health benefits, such as anti-inflammation and antioxidation (Duncan et al.,
2003; Nijveldt et al., 2001; Williams et al., 2004). Evidence is mounting that grape-derived
polyphenols may beneficially influence AD amyloid neuropathology (Dai et al., 2006).
Mounting evidence also shows that moderate consumption of red wine (which contains these
grape-derived polyphenols) may causally attenuate AD amyloid pathogenesis and cognitive
deterioration in preclinical models of AD (Wang et al., 2006) and reduce the incidence of AD
(Luchsinger et al., 2004b). However, because polyphenolic compositions and bioactivities vary
considerably due to plant-growth environments, there are problems with the preparation of
grape-derived polyphenolics (and other dietary polyphenolics) (McGraw and Furedi, 2005).
For the same reason, there are also issues that complicate the harvest, storage, and processing/
preparation of certain dietary sources of polyphenols (Anekonda et al., 2005).
These limitations have recently inspired a diverse group of interdisciplinary scientists with
expertise in AD and nutritional-botanical sciences to design a series of studies with the ultimate
goal of isolating and identifying bioactive natural compounds capable of providing beneficial
AD-modifying activities, as discussed below.
Fish and fish oil
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Epidemiological and animal studies have suggested that dietary fish or fish oil rich in omega-3
fatty acids, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), may affect
psychiatric and behavioral symptoms in AD (Morris et al., 2003; Young and Conquer, 2005).
Lim et al. (2005) used a transgenic AD-type mouse to evaluate the impact of DHA on AD
neuropathology. They found that DHA-enriched diets significantly reduced total AD-type
amyloid neuropathology by more than 70 percent when compared with low-DHA or control
chow diets. The results suggest that DHA could be protective against AD-type amyloid
deposition in the brain and could eventually prevent downstream neurodegenerative
conditions. Hashimoto et al. (2005) showed that DHA suppressed increases in the levels of
lipid peroxide and ROS in the cerebral cortex and hippocampus of Aβ-infused rats, suggesting
that DHA increases antioxidative defenses. Further, the authors were of the opinion that DHA
is a possible therapeutic agent for ameliorating learning deficiencies due to AD. Although a
number of epidemiologic studies reported that higher intake of omega-3 fatty acids (largely
associated with fish consumption) is protective against Alzheimer's disease (AD), other human
studies reported no such effect (Arendash et al., 2007; Freund-Levi et al., 2007).
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Plant extract and spices
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Various parts of plants, including leaf, fruit, outer bark, root, etc., are used to enhance memory
in traditional Asian medicine. Since plant products are known to enhance memory, various
laboratories are working on mouse models of AD to observe which plant extracts decrease the
severity of disease. Most recently, Niidome et al. (2007) reported that mulberry leaf extract
may protect hippocampal neurons against the neurotic effect of Aβ1–42-induced cell death in
a concentration-dependent manner. Ginkgo biloba has been shown to improve age-related
memory deficits; most interestingly, recent evidence showed that the Ginkgo biloba extract
scavenges NO with neuroprotective properties (Bastianetto et al., 2000; Luo et al., 2002).
The Ginkgo biloba extract EGb761 exhibited neuroprotective effects in several mouse models
(Defeudis, 2002), as well as maintaining and improving cognitive function in AD patients
(Oken et al., 1998; Le Bars et al., 2003). Finally, recent in vitro studies indicate that the ginkgo
extract’s activity is due to inhibition of Aβ-induced free radical generation and occurs in a
dose-dependant manner (Yao et al., 2001). Because free cholesterol may be involved in the
generation of neurotoxic Aβ peptides, Yao et al. (2004) examined the ginkgo extract EGb761
in relation to cholesterol and amyloidogenesis. Exposure of PC12 cells to EGb761 decreased
the processing of APP, ultimately precluding the generation of neurotoxic Aβ peptides.
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Recently, curcumin, a polyphenolic yellow pigment used in turmeric spice in Indian curries
and food preservation has received much attention for its potentially beneficial role in AD
dementia and neuropathology. Interestingly, the prevalence of AD in populations that are
between the ages of 70 and 79 is 4.4-fold less in India than in the USA (Ganguli et al., 2000).
The compound is neuroprotective against Aβ toxicity in vitro (Shishodia et al., 2005), while
also being anti-amyloidogenic (Aksenov and Markesbery, 2001; Ringman et al., 2005).
Furthermore, aged transgenic mice with high amyloid plaque loads that were either fed or
injected with curcumin had less brain amyloid load and plaque burden, and fewer curcuminlabeled plaques (Yang et al., 2005). To evaluate whether curcumin could beneficially influence
amyloid neuropathology in a mouse model of AD-type neuropathology, Lim et al. (2001) tested
different doses of dietary curcumin on inflammation, oxidative damage, and plaque pathology.
Curcumin significantly lowered oxidized proteins and interleukin-1β, a proinflammatory
cytokine elevated in the brains of these mice, strongly supporting a further link between
inflammation and AD neuropathology.
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As discussed above, mitochondria-generated ROS are proposed to be involved in the apoptotic
mechanism of Aβ-mediated neurotoxicity. Finally, recent evidence also shows that aged garlic
extract not only suppressed the generation of ROS but also attenuated caspase-3 activation,
DNA fragmentation, and PARP cleavage and eventually protected against Aβ-induced
apoptosis (Peng et al., 2002). These findings further suggest that garlic compounds can reduce
apoptosis, possibly by enhancing the endogenous antioxidant defenses.

The potential beneficial role of fruit polyphenols in AD
Lau et al. (2005) and Lau et al. (2007) reported that polyphenolic compounds found in fruits
such as blueberries may exert their beneficial effects through signal transduction and neuronal
communication. Furthermore, they showed that short-term blueberry supplementation
increases hippocampal plasticity. Interestingly, recent evidence also suggests that
pomegranates contain very high levels of antioxidant polyphenolic substances. Hartman et al.
(2006) observed that mice treated with pomegranate juice had significantly (approximately 50
percent) less accumulation of soluble Aβ1–42 and amyloid deposition in the hippocampus than
control mice. Quercetin is one of the major flavonoids found in many fruits and vegetables.
Heo and Lee (2004) investigated the protective effects of quercetin on hydrogen-peroxideinduced neurodegeneration. Results showed that cell viability was clearly improved with
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quercetin, which showed a higher protective effect than vitamin C. They also observed that
quercetin decreased oxidative-stress-induced neuronal cell membrane damage more than
vitamin C. Finally, a recent study further confirmed that polyphenol-rich fruits, such as
bananas, oranges, and apples, may protect against oxidative stress in an in vitro model of AD
(Heo et al., 2008).

The benefits of moderate consumption of red wine in the prevention of AD
Another important component of the typical Mediterranean diet that was recently implicated
as a healthy dietary lifestyle for the prevention of AD is the moderate consumption of red wine.
Interestingly, recent experimental evidence found that moderate consumption of red wine, in
the form of Cabernet Sauvignon, significantly attenuated AD-type cognitive deterioration and
amyloid neuropathology in a mouse model of AD (Wang et al., 2006). The study found that
regular consumption of wine over seven months significantly reduced AD-type changes in the
brains of mice bred to have AD type symptoms. This supports epidemiological evidence
suggesting that moderate wine consumption, one glass per day for women and two for men,
may help reduce the relative risk for AD clinical dementia (Luchsinger et al., 2004b; Russo et
al., 2003; Savaskan et al., 2003). Based primarily on this evidence, current studies are focused
on identifying natural compounds in wines or other foods, including grapes, that might be
neuroprotective.
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Resveratrol, a naturally occurring polyphenol found mainly in grape skins and red wine,
markedly lowers the levels of secreted and intracellular Aβ peptides. Savaskan et al. (2003)
showed that resveratrol maintains cell viability and exerts an antioxidative action by enhancing
the intracellular free radical scavenger glutathione. Tea represents another large family of
plants containing high amounts of polyphenols that may confer a variety of health benefits.
Recently, it has been hypothesized that tea consumption may also reduce the risk of age-related
neurodegenerative pathologies. Considering the deleterious role of Aβ in the etiology of AD,
Bastianetto et al. (2006) investigated green and black tea extracts and flavan-3-ols (present as
monomers and dimers in green and black forms, respectively) against the toxicity induced by
Aβ-derived peptides using primary cultures of rat hippocampal cells. Both green and black tea
extracts displayed neuroprotective action against Aβ toxicity. These effects were shared by
gallic acid (the most potent flavan-3-ol), epicatechin gallate, and epigallocatechin gallate
(EGCG). Interestingly, EGCG and gallic acid inhibited Aβ aggregation and/or the formation
of Aβ-derived diffusible neurotoxin ligands. Catechin gallates contribute to the neuroprotective
effects of both green and black teas. Moreover, the protective effect of EGCG is likely to be
associated, at least in part, with its inhibitory action on the formation of Aβ fibrils/oligomers.
The authors hypothesized that not only green but also black teas are benefit the AD-afflicted
brain. The primary target of existing drugs for the treatment of AD is the inhibition of the
enzyme acetylcholinesterase. Okello et al. (2004) reported that both green and black teas
inhibited human acetylcholinesterase.
Accumulation of iron at sites where neurons degenerate in Parkinson's disease (PD) and AD
is thought to play a major role in the oxidative-stress-induced process of neurodegeneration.
The main polyphenol constituent of green tea, EGCG, possesses iron-chelating, radicalscavenging and neuroprotective properties, offering potential therapeutic benefits. Lin et al.
(2007) used a human neuronal cell line, MC65, and conditional expression of an APP protein
fragment (APP-C99) to investigate the protection mechanism of EGCG and, excitingly, found
that treatment with EGCG may, through the promotion of the nonamyloidogenic processing
of APP, significantly reduce and even ultimately prevent the generation of neurotoxic Aβ
peptides in the brain.
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Recent epidemiologic studies of different sample populations have suggested that the risk of
AD may be increased in individuals with high-calorie diets and in those with increased
homocysteine levels. Dietary restriction and supplementation with folic acid can reduce
neuronal damage and improve behavioral outcomes in mouse models of AD (Mattson, 2003).
Animal studies have shown that the beneficial effects of dietary restriction result, in part, from
increased production of neurotrophic factors and cytoprotective protein chaperones in neurons.
By keeping homocysteine levels low, folic acid can protect cerebral vessels and can prevent
the accumulation of DNA damage in neurons caused by oxidative stress and facilitated by
homocysteine. Emerging data suggest that high-calorie diets and elevated homocysteine levels
may render the brain vulnerable to neurodegenerative disorders (Mattson, 2003). However,
two recently published papers provide conflicting results on the benefits of using
supplementation with folic acid to lower homocysteine levels and its impact on cognitive
function. A two-year trial on 276 healthy, older people (65 and older) lowered homocysteine
but failed to improve cognitive function in these healthy subjects (McMahon et al., 2006). A
three-year study supplementing folic acid significantly improved certain aspects of cognitive
function that tend to decline with age in people between 50 and 70 years of age (Durga et al.,
2007). However, more research in this area is required. Until then, it is certainly reasonable to
recommend, especially to people at risk for AD, inclusion in their diets of foods high in folic
acid. These include leafy green vegetables, lentils, and unrefined whole grains.

Dietary lifestyles: Recommendations for the prevention of metabolic
syndrome and AD dementia
Based in part on the evidence discussed in this review article, it appears possible that in the
near future we might consider employing dietary intervention in preventative and possibly
therapeutic strategies for AD. However, we want to point out that if modifications of dietary
lifestyle prove to be helpful in either the prevention or treatment of AD, patients will have to
undertake a permanent lifestyle change. Just as with many other chronic disorders, temporary
changes in diet are not usually of any long-term benefit. We note that better long-term
compliance with any lifestyle change is more likely if choices are available that address food
preferences, satiety, availability of foods, and other factors. We must not make the mistake of
thinking that one size fits all.
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A diet that emphasizes whole foods and avoids refined and heavily processed foods will
decrease exposure to added sugars, refined grains devoid of nutritional benefit, and
manufactured trans fats. None of these foods should be a part of a healthy diet for any member
of our population. Luckily, lifestyle changes that may have positive effects on AD will
favorably impact a variety of chronic health conditions relating to obesity. An effective
treatment will not only address AD but will also normalize weight, improve the components
of metabolic syndrome, and treat or prevent diabetes and cardiovascular disease; it could
revolutionize preventive care.
The Mediterranean diet, which is rich in healthy oils — especially fish containing omega-3
fatty acids, and unrefined whole foods — while decreasing the intake of other animal proteins
and lowering saturated fats, has also shown benefits for treating AD. The moderate intake of
red wine, also associated with a Mediterranean-type diet, provides important nutrients that may
play a role in ameliorating AD (Wang et al., 2006). Mediterranean-type diets do not have to
contain excessive quantities of carbohydrate foods but do contain primarily those foods high
in nutrients, such as polyphenols and other foods with antioxidant effects, to protect from ROS,
which detrimentally affect mitochondrial and energy metabolism activities.
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In recent years, a plethora of studies on low-carbohydrate ketogenic diets have been published.
None of the studies that looked at numerous factors supported the many theories that these
dietary plans are dangerous. No study has demonstrated damage to kidney or liver function or
loss of bone mass. Such diets have also performed better than, or at least as well as, other diets
with similar long-term weight loss results (Gardner et al., 2007).
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For those with no clinical experience with low-carbohydrate diets, one significant group of
findings related to cardiovascular risk factors presented rather surprising results. Virtually
every study has demonstrated that such diets provide significant improvements in triglyceride
and HDL levels as compared to low-fat, calorie-restricted diets (Feinman and Volek, 2006).
Since no good therapy exists to increase HDL levels to lower cardiovascular risk, controlling
both the quality and quantity of carbohydrate foods should be considered a viable choice. It
appears that even natural saturated fats, as compared to manufactured trans fats, behave in a
positive way, especially when restricting carbohydrates. Postprandial lipids and a number of
other atherogenic markers are improved (Forsythe et al., 2008). Individuals with dangerous
small, dense LDLs (pattern B) have been shown to shift their LDL particle size to the safer
pattern A (Krauss et al., 2006; Seshadri et al., 2004; Westman, 2006). When consuming foods
with a lower glycemic load, as happens with low-carbohydrate diets, inflammatory markers
have improved even when compared to people on diets providing a lower fat intake (Forsythe
et al., 2008). In subjects with type 2 diabetes, controlling both the quality and quantity of
carbohydrate foods leads to better insulin sensitivity, better glycemic control and, most
importantly the need for fewer medications (Gutierrez et al., 1998; Volek and Feinman,
2005).
It is quite common for those on a very low carbohydrate diet to spontaneously lower their
calorie intake without actively counting calories. This likely occurs because of the satiety
effects of a higher protein and natural fat intake. If a lifelong dietary change must take place
to address the risk of AD, then hunger control must be a prime consideration, or the diet simply
will not be followed (Nichols-Richardson, 2005). When controlling carbohydrates one is able
to concentrate on an adequate protein intake, a quantity of low-glycemic vegetables and fruits,
natural fats from all sources including fish, nuts and seeds, avocado, olives and olive oil.

Summary
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Our studies, and recent work by others, support existing epidemiological evidence indicating
that calorie intake is positively associated with increased incidence of AD. These findings raise
the possibility that changes in dietary regimens may be used in the future as preventative
measures aimed at delaying the onset of AD amyloid neuropathology. Investigations in
experimental mouse models of AD-type amyloid neuropathology are of great potential benefit
in terms of public health. They provide insights into possible interventions aimed at preventing
or ameliorating conditions associated with aging, obesity, and diabetes, all of which indicate
a high risk of developing AD dementia.
We want to point out, however, that decisions about diet recommendations in AD can be a
complex endeavor and must, of course, be a healthy diet. Recommendations should be made
on the basis of combined evidence from prospective epidemiological studies, and, ultimately,
controlled clinical studies. While we believe that the ultimate evidence to support such
recommendations should come from controlled clinical studies, we are also aware of the
potential limitations of this approach. For example, we point out that, in view of the chronic
nature of AD dementia and its relatively long latency period, it may be difficult to execute
appropriate clinical studies over a long enough time and with large enough samples to draw
accurate and repeatable conclusions. Despite these limitations, however, we believe that the
recent prospective studies identifying increased calorie intake as a risk for AD offer
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practitioners enough evidence to prudently address the dietary issues facing their patients at
risk for AD. We also believe that a diet rich in protein (especially fish), non-starchy vegetables,
low glycemic fruits, and natural fats; low in foods with added sugars (especially high fructose
corn syrup) and processed foods; and with moderate wine intake will be beneficial in
normalizing insulin and blood sugar pathology, will provide a variety of antioxidant nutrients,
will improve brain function, and may possibly prevent AD.
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Scheme 1. Hypothetical role of diabetogenic diet in AD amyloid pathogenesis

Abbreviations: IRS - insulin receptor substrate, PI3K - phosphoinositide kinase-3
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