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United States

The aging process causes many changes to the brain and is a major risk factor for the
development of neurodegenerative diseases such as Alzheimer’s Disease (AD). Despite
an already vast amount of research on AD, a greater understanding of the disease’s
pathology and therapeutic options are desperately needed. One important distinction
that is also in need of further study is the ability to distinguish changes to the brain
observed in early stages of AD vs. changes that occur with normal aging. Current
FDA-approved therapeutic options for AD patients have proven to be ineffective and
indicate the need for alternative therapies. Aging interventions including alterations in
diet (such as caloric restriction, fasting, or methionine restriction) have been shown to be
effective in mediating increased health and lifespan in mice and other model organisms.
Because aging is the greatest risk factor for the development of neurodegenerative
diseases, certain dietary interventions should be explored as they have the potential to
act as a future treatment option for AD patients.
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INTRODUCTION

Aging is the major risk factor for many diseases but the factors that drive age-related changes and
promote dysfunction are poorly understood. Slowing or even delaying these processes may lead
to extended periods of health in humans. With each passing year, aging has a greater impact on
the U.S. healthcare system. As of the year 2020, the older adult population (65 years and older) is
comprised of 56 million people and is expected to increase to nearly 90 million by the year 2050
(Alzheimer’s Association, 2020a). In fact, projections point toward the year 2030 as being the first
time in U.S. history where the population of those over the age of 65 will outnumber those 18
years and younger (Mendiola-Precoma et al., 2016). Aging is associated with an increased risk of
disease and death; therefore, an aging population will place increased burden on our healthcare
system and will have a greater financial impact on individuals throughout the country (Rose, 2009;
Mendiola-Precoma et al., 2016).

Aging occurs in nearly all organisms and is represented by a physiological decline in function.
Decades of work by many scientists led to the identification of several hallmarks of aging, many of
which impact the brain as will be later presented. Various versions of the list exist but many agree
about the general contributors. However, despite the identified hallmarks, the exact mechanisms
underlying or driving biological aging remain inadequate to develop therapies to truly combat aging
as a whole. This has led to alternative hypotheses suggesting that random cellular dysfunctions may
be the greatest contributor to aging, potentially explaining why organisms of the same genotype
(monozygotic twins) who are raised in a common environment have significantly different life
spans (Kirkwood et al., 2005).
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An aging population warrants increased attention toward
understanding the mechanisms that drive the aging process. This
includes considering therapies to slow, delay or prevent aging.
Past and current treatment options have focused on interventions
specific for one disease process at a time (such as FDA drug
approval for specific diseases). This has been one approach
contributing to the increase in population health over a span
of decades, as evidenced by an increase in U.S. life expectancy
from 69.9 to 78.9 years from the years 1959 to 2016. However,
recent data suggests that U.S. life expectancy is reaching a plateau
or even slightly decreasing (Woolf and Schoomaker, 2019). A
greater understanding of aging offers vast potential toward the
field of medicine. It provides hope for slower disease progression
and increased life expectancy in humans. However, the ultimate
goal is to lengthen the overall time individuals remain disease-
free (increased health-span), which would have a major positive
impact on individuals and the healthcare system.

BRAIN AGING AND AD

Aging impacts many organ systems, but the brain garners a
large share of the interest and funding. The brain undergoes
prominent structural and functional changes throughout a
lifetime. Structurally, normal brain aging involves atrophy
seen through reductions in both gray and white matter and
an associated enlargement of the cerebral ventricles (Drayer,
1988). These age-related reductions in gray matter are most
notable in the frontal and temporal lobes (Jack et al., 1997).
Much of this normal brain atrophy appears to be due to
neuronal loss, neuronal morphology changes, and dendritic
and synaptic reductions (Terry and Katzman, 2001; Dumitriu
et al., 2010). Other structural brain changes observed in
normal aging include increased visualization of amyloid-p
plaques, neurofibrillary tangles, white matter injuries, small-
vessel ischemia, and microhemorrhages (Terry and Katzman,
2001; Park et al., 2013; Prins and Scheltens, 2015; Shim et al.,
2015; Ramirez et al, 2016). Functional changes to the brain
with increased age include a gradual decline in attention,
memory, decision-making speed, learning, motor coordination,
and sensory perceptions (Alexander et al., 2012; Dykiert et al.,
2012; Levin et al., 2014). Cognitive function is most affected in
the areas of executive function, working memory, and episodic
memory (Alexander et al., 2012).

Aging is the greatest risk factor for developing many

neurodegenerative diseases (Hou et al, 2019). Broad
classification ~ of  neurodegenerative  diseases  includes
amyloidoses, tauopathies, synucleinopathies, and TDP-43

proteinopathies (Dugger and Dickson, 2017). Alzheimer’s
Disease (AD), a mixed amyloidose and tauopathy pathology,
is the most common neurodegenerative disease in the U.S.
Currently, AD is five times more prevalent than Parkinson’s
Disease, the second most common neurodegenerative disease,
and this margin is expected to continue increasing. To date,
AD affects nearly five million Americans (1 in 10 people over
the age of 65) and is the sixth leading cause of death in the U.S.
These numbers are expected to grow as 13.8 million people are

projected to be living with AD by the year 2050. Furthermore,
AD and related dementias will cost the U.S. over $300 billion in
2020 with an expectation to increase to more than $1 trillion by
the year 2050 (Alzheimer’s Association, 2020a).

Despite great effort from the scientific community, the
primary cause of AD remains unknown. Risk factors for
developing familial AD (leading to early onset symptoms)
include mutations in the amyloid precursor protein (APP),
presenilin 1 and presenilin 2 genes (Bekris et al., 2010). However,
risk factors for the much more common sporadic development of
AD include increased age and mutations to the ApoE4 allele (Liu
etal., 2013). Features of an AD brain involve noticeable amyloid-
beta (AP) plaques and p-tau neurofibrillary tangles (Bloom,
2014). AP peptides are produced after the proteolysis of the type
I integral membrane protein amyloid precursor protein (APP)
(Esch et al., 1990; Shoji et al., 1992; Haass and Selkoe, 1993;
Haass et al., 1993; Jarrett et al., 1993). AP plaque and p-tau
neurofibrillary tangle formation starts with altered APP cleavage
by p-secretases (BACE1) and y-secretases to produce insoluble
AP fibrils. These AP fibrils then polymerize into insoluble
amyloid fibrils which aggregate into plaques (Fontana et al.,
2004; Simunkova et al., 2019). Polymerization of Af fibrils cause
activation of kinases which hyperphosphorylate microtubule
associated p-tau and lead to their polymerization into insoluble
neurofibrillary tangles. Accumulation of AP plaques and p-
tau neurofibrillary tangles lead to microglial activation and are
associated with neurotoxicity (Long and Holtzman, 2019).

Disruption of cerebral vasculature is associated with
neuroinflammation in mice studies and has also been shown to
contribute to aging and AD (Tarantini et al., 2017; Fulop et al.,
2019). Regions of the brain with increased activity rely on a
mechanism known as neurovascular coupling (NVC) to receive
a compensatory uptick in regional oxygen and glucose. NVC
works through the release of the vasodilating molecule nitric
oxide (NO) from microvascular endothelial cells surrounding
areas of metabolically active neurons and astrocytes (Toth et al.,
2014, 2015; Tarantini et al., 2017, 2018, 2019a). Interruption of
the NVC mechanism tends to be found in older adults and it
also leads to cognitive impairment in mice (Fabiani et al., 2014;
Tarantini et al., 2017, 2018, 2019a; Lipecz et al., 2019). In fact,
in mouse models of aging, interventions which improve NVC
and cerebral microvasculature also improve cognitive function
(Csiszar et al., 2019; Tarantini et al., 2019b; Wiedenhoeft et al.,
2019). Currently functional MRI (fMRI) is one method of
measuring NVC in humans, yet many new technologies are
being studied for their usefulness in monitoring the cerebral
microvascular changes that accompany aging (Csipo et al., 2019;
Lipecz et al., 2019).

AD is a slow progressing disease characterized by a decline
in cognitive function. Recent estimates report the preclinical
(asymptomatic) stage of AD occurs for up to 15 to 20 years
prior to clinical symptom emergence (Morris et al., 2001; Sperling
et al,, 2011, 2013). This is based upon examinations of brains of
older individuals, who die with no cognitive impairment or mild
cognitive impairment, often revealing similar pathology to those
with apparent AD (Mufson et al., 1999; Price and Morris, 1999;
Bennett et al., 2005; Markesbery et al., 2006). AD is classified
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into early stage (mild), middle stage (moderate), and late stages
(severe forms). Mild and moderate stages may last for years at
a time as the individual’s memory, cognitive ability, and ability
to live independently slowly decline. By the late stage of AD, the
individual loses their ability to respond to their environment,
carry on a conversation, and eventually control movement.
Memory and cognition also continue to decline during this time.
Most people only live for 4 to 8 years following first diagnosis
(Alzheimer’s Association, 2020b).

A closer look at the specific hallmarks of aging as
they relate to the central nervous system is warranted.
The nine hallmarks of aging include genomic instability,
telomere attrition, epigenetic alterations, loss of proteostasis,
mitochondrial dysfunction, cellular senescence, dysregulated
nutrient sensing, stem cell exhaustion, and altered intercellular
communication and immune function (Lopez-Otin et al., 2013).
Many of these hallmarks are associated with neurodegenerative
diseases such as AD. Studies have found increased DNA damage
and altered DNA repair mechanisms in the brains of AD
patients (Lovell et al., 1999). Certain epigenetic markers, such as
methylation patterns in APP promoters of primates, are related
to neurodegenerative features (Bradley-Whitman and Lovell,
2013). The mitophagy process seems to be defective in AD, such
that stimulation of mitophagy in nematode and mouse models
improved memory (Fang et al., 2019). Brain cells from AD
models demonstrate reduced glucose and oxygen metabolic rates
(Camandola and Mattson, 2017). Additionally, AB oligomers
trigger senescence of neurons in vitro and senescent astrocytes,
microglia, and neurons are found in greater numbers in human
AD brains (He et al., 2013). In vivo and in vitro studies have
found that APP expression on microglial cells is required for their
proinflammatory activation to Af oligomers (Manocha et al,
2016). Thus, several aspects of the underlying pathology and
clinical features found with AD, mirror those observed in the
established hallmarks of aging.

Distinguishing normal changes to the brain with age vs.
pathological changes remains a challenge to date. Difficulty arises
from evidence indicating that many of the structural changes
to the brain found in neurodegenerative diseases such as AD,
resemble the structural changes observed in a normal aging
brain. High levels of amyloid-B plaques, neurofibrillary tangles,
synaptic loss, and neuroinflammation are hallmarks of AD. As
previously discussed, these changes also comprise part of normal
aging of the brain and it is not uncommon for these same
features to be seen in a non-demented, older individual (Denver
and McClean, 2018). However, many of the structural changes
displayed in neurodegenerative diseases are more frequent and
more severe than in the normal aging process (Park et al., 2013;
Prins and Scheltens, 2015; Shim et al., 2015; Ramirez et al., 2016).
Unfortunately, in the case of AD, by the time these structural
changes have accumulated enough to begin manifesting in
symptoms, the neuropathology is irreversible. A greater ability
to distinguish AD pathology, especially in its early stages, vs.
normal aging would lead to improved diagnostic capabilities and
potential new drug discoveries (Denver and McClean, 2018).

THERAPIES FOR AD

Therapies to treat AD progression range from FDA-approved
compounds to exercise, nutraceuticals and dietary interventions
(Figure 1). Importantly, current treatment options for
Alzheimer’s Disease lack effectiveness. Only two therapeutic
options are approved by the FDA, that being cholinesterase
inhibitors (Donepezil, Rivastigmine, and Galantamine) and
Memantine (an NMDA receptor antagonist/dopamine agonist)
(Howard et al., 2012; Grossberg et al, 2013). Both options
offer mild symptom management with no effect on long term
progression of the disease. Additionally, over 20 compounds
have reached large phase 3, double-blind, randomized control
trials in cohorts of AD patients at various stages of disease
progression, yet none have shown the ability to improve global
functioning or slow cognitive decline (Long and Holtzman,
2019).

Due to the ineffectiveness of AD therapeutics, alternative
treatment options are being explored. Huperzine A, a
nutraceutical, has been shown to increase memory and
activities of daily living in AD patients (Xing et al., 2014). This
compound, along with other herbal drugs such as huperzine B,
ginseng, corilagen, and curcumin offer therapeutic potential for
AD due to their ability to cross the blood brain barrier (BBB)
and act through the inhibition of acetylcholinesterase (AChE),
chelation of redox-active metals, inhibition of the aggregation
of AP and reduction of neuroinflammation (Simunkova et al.,
2019). However, these drugs are not approved by the FDA
and may suffer from lack of purity and potency (Xing et al.,
2014). Recently, several small clinical studies have shown a
relationship between a ketogenic diet and improved cognition
in AD and other neurodegenerative disease patients (Rusek
etal., 2019). Administration of medium-chain triglyceride-based
ketogenic formula for 12 weeks to 20 patients with mild-to-
moderate AD led to a significant increase in working memory,
short-term memory, and processing speed. Specifically, these
patients showed improvements in the digit-symbol coding
test as well as the immediate and delayed logical memory
tests (Ota et al., 2019). Many treatments for AD are designed
to target the production and/or accumulation of AP and
tau proteins, but this approach has not been promising so
far. Monoclonal antibodies designed to target and remove
abnormal amyloid beta have shown no improvement in
cognitive function in early and late stage AD patients (Doody
et al., 2014; Salloway et al., 2014; Honig et al., 2018). Potential
vaccines against tau protein are currently under investigation
as well as deep brain stimulation and gamma-frequency
oscillation therapies (Weller and Budson, 2018; Koseoglu, 2019).
Thus, although numerous therapies have been explored, very
few clinical options are currently available to stop or slow
progression of neurodegenerative disorders. There are numerous
reports showing an association between diet, exercise, and
reduced risk of developing neurodegenerative diseases, but
these are not considered in this discussion of treatments for
ongoing disease.
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Therapeutic Options for Alzheimer’s Disease
Current Treatments Interventions That Slow Aging
Approved & Experimental (in clinical trials)
Exercise
curcumin Rapamycin
Huperzine A amyloid beta aggregation inhibition
Nutraceuticals H.uperzine B ace(ylcho}ilm(ense inhi!:ih'on Metformin
ginseng redox-active metal chelation
corilagen inflammatory inhibiti
-4 neuro ory ition -
Mediterranean
; i 17-a Estradiol
Diets ketogenic Alzheimer's
cholinesterase inhibitors Eienne FGF-21
Pharmaceuticals Memantine NMDA receptor antagonist/
dopamine agonist Resveratrol
Deep brain stimulation Diet et
Gamma-frequency oscillation therapy
Monoclonal antibody therapies Dietary fasting®
Vaccine therapy *in trials to treat cancer
FIGURE 1 | Current therapies to treat Alzheimer’s Disease symptoms and pathologies versus potential therapies for AD that have been shown to delay aging.

MODELS OF AD

AD is modeled in the laboratory to address the biology of
specific cell types as well as in mice primarily, to study disease
onset, progression, and treatment. Mouse models, including
transgenic and non-transgenic options, are most common for
the investigation of AD and offer a variety of pros and cons
(Puzzo et al., 2015). Several transgenic mouse lines have been
created to mimic human AD pathology. These animals are
genetically engineered to overexpress one or more of the
proteins found in human AD patients and often include APP,
tau, and/or presenilin. One commonly used mouse line is the
double transgenic APP/PS1 which develop a robust deposition of
amyloid-beta plaques due to mutations in APP on chromosome
21 and presenilin 1 (PS1) on chromosome 14. These mice show
increased levels of soluble AB40 and AB42 at an early age which
allows for study of an AD-related phenotype (Puzzo et al., 2015).

Behavior studies of transgenic mice aim to assess the
cognitive domains of these AD models in ways that are similar
to what is observed in human AD. Alterations to working
memory, executive function, and attention are common aspects
of cognition which are disrupted in human AD and can also
be studied in transgenic mice. In humans, working memory is
assessed through verbal tasks, yet working memory is typically
studied in mice through maze-type tasks in which spatial working
memory is evaluated. AD transgenic mice show deficits in
working memory by taking longer to learn where the food reward
is located and which aspects of the maze they have previously
visited (Webster et al., 2014). Executive function requires higher
order cognition such as planning, reasoning, and cognitive

flexibility and is observed in humans through tests such as the
Wisconsin Card Sorting Task (Drewe, 1974; Robinson et al,
1980; Arnett et al., 1994). AD transgenic mice show deficits in
executive function abilities through tasks involving set-shifting,
reversal learning, and response inhibition (Zhuo et al., 2007;
Papadopoulos et al., 2013; Romberg et al., 2013). The most widely
used method of examining disruptions in attention for transgenic
mice is through tasks, such as the five-choice serial-reaction time
task (5-CSRTT), that utilize sustained attention divided among
multiple spatial locations, where a large number of trials and
errors of commission, omission, and reaction time are scored
(Webster et al., 2014). These rodent tests most closely resemble
Leonard’s 5-CSRTT and Continuous Performance Tests (CPT)
of sustained attention used in humans, however, there remains
difficulty translating attention results from mice AD models to
those seen in humans (Rosvold et al., 1956; Wilkinson, 1963;
Young et al., 2009).

The study of AD through transgenic mice (including APP/PS1
mice) is limited in some ways. First, transgenic mice express
a genetic form of AD while most cases in humans are not
genetically based, but rather develop sporadically at older ages.
Additionally, transgenic mutations introduced into mice are
not able to match the complexity seen in AD such that no
mouse models can reproduce the full spectrum of human AD
symptoms and pathology (Tai et al., 2017). Non-transgenic
models of AD typically involve molecular (such as Af or
tau) intracerebroventricular or intrahippocampal injections into
mice. This method of investigation offers the benefit of studying
acute effects on brain tissue of AB or tau exposure, which is
more like the sporadic development of AD pathology typically
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occurring in humans when compared to transgenic mice. Yet,
non-transgenic mice do not reproduce the gradual rise of AB
that occurs over many years in humans and it does not replicate
the spreading of pathology through regions of the brain, which
is a major component of AD pathology (Puzzo et al., 2015).
Ultimately, while there remains uncertainty as to how similar
pathogenic pathways found in mice are to those in humans,
mouse models are a valuable tool for the study of the AD process
(Shineman et al., 2011).

THERAPIES FOR AGING

Currently, there are no FDA approved interventions to slow
and/or delay aging. However, the search is on for drugs that
may alter the aging process in humans. To date, several drugs
presently approved and prescribed to treat symptoms or slow
specific disease processes have shown the ability to also slow aging
in model systems. Examples include Rapamycin, Metformin and
Acarbose. The advantage of studying these medications is that
their safety for use in humans is already known. Notable non-
FDA approved options also under current study, include 17a
-Estradiol (17a-E2), Fibroblast-growth factor-21 (FGF21), and
Resveratrol. Further, interventions targeting the sirtuins, NAD
biosynthesis, amino acids, autophagy, and senescence pathways
have shown promise as well and are actively being investigated in
models of aging and health (Gonzalez-Freire et al., 2020).

Rapamycin use is FDA approved for its immunosuppressive
and anti-graft rejection properties (Camardo, 2003). However,
Rapamycin and other rapalogs have shown an ability to
increase lifespan in animal studies through inhibition of
the mammalian target of rapamycin (mTOR) pathway. The
mTOR pathway is a metabolic regulator whose activation
is triggered by the insulin/IGF-1 axis, amino acid levels,
and glucose levels which all signal cellular energy status.
Signals act through two multiprotein complexes (mTORCI1
and mTORC2) and lead to different outcomes. In short,
mTORCI1 activation leads to protein translation and cell growth,
whereas its inhibition blocks growth and induces stress response
pathways, such as autophagy, leading to pro-longevity effects
(Laplante and Sabatini, 2012; Saxton and Sabatini, 2017).
Pharmacological mTORCI inhibition extends lifespan in mice
and involves multiple processes including autophagy, lipid
synthesis, mitochondrial metabolism, ribosomal biogenesis, and
modulation of the senescence-associated secretory phenotypes
(Pan and Finkel, 2017). Contrarily, mTORC2 inactivation is
believed to be responsible for the unwanted insulin resistance
associated with rapamycin treatment (Saxton and Sabatini, 2017).
Inhibition of mTORC1 occurs following both acute and chronic
administration of rapamycin while the unwanted inhibition of
mTORC2 requires long-term rapamycin treatment (Li J. et al.,
2014). Thus, rapamycin and other rapalogs remain potential
candidates for use to interfere with aging processes and extend
health span.

Metformin is another drug currently approved for use in
humans that has shown promising age-altering effects in animal
studies. Metformin is a safe biguanide-class drug used as the

first line defense for type II diabetes in humans. Its effectiveness
in type II diabetes management comes from its ability to lower
hepatic glucose production and insulin resistance. However,
there are reports that metformin use seems to offer other health
benefits, one of which is its anti-aging properties. Administration
of metformin leads to caloric restriction-like benefits such
as improved insulin sensitivity, AMP-activated protein kinase
(AMPK) activity, and better antioxidant protection (Martin-
Montalvo et al., 2013). Neonatal mice injected with a single
dose of metformin on the 3rd, 5th, and 7th days after birth
showed a significant increase in lifespan for males and a slight
(non-significant) increase in females (Anisimov et al., 2015). In
both male and female neonatally-treated mice, hormonal and
metabolic serum testing was unaltered compared to control.
However, metformin-treated males had decreased body weight
plus food and water consumption compared to control mice.
Female treated mice showed no such difference compared to
controls (Anisimov et al., 2015). Contrarily, administration of
metformin to 2-year-old male mice leads to improved health
without increased lifespan (Alfaras et al., 2017). Based on its
promising results from cellular and animal studies on aging and
its known safety in humans, a ground-breaking clinical trial
termed TAME (Targeting Aging with Metformin) is underway.
TAME is the first drug trial approved by the FDA that directly
targets aging. The study plans to examine metformin’s ability
to delay age-related diseases beyond its effects on glucose
metabolism through the study of 3,000 subjects across the U.S.
between the ages of 65 to 79. Results of TAME could have a
profound impact on the health care and research community.
If metformin shows the ability to modulate aging and related
diseases, outside of its impact on diabetes, it would be the first
step in the development of drugs specifically targeting the biology
of aging (Barzilai et al., 2016).

Acarbose is an alpha-glucoside inhibitor used to treat
hyperglycemia and type II diabetes. When consumed with a
carbohydrate-rich meal, acarbose competitively inhibits complex
carbohydrate breakdown along the brush border of the small
intestine resulting in delayed dietary carbohydrate breakdown
and absorption (Caspary and Graf, 1979). Administration of
acarbose seems to have a positive impact on both short-term
and long-term blood glucose and insulin levels while also
receiving reports of decreased body weight in both animal
and human studies (Brewer et al., 2016). In animal studies,
acarbose administration leads to extended lifespan and improved
health-span particularly in male mice through an increase in
fibroblast growth factor-21 (FGF21) and a decrease in IGF-1
levels (Harrison et al., 2014).

17a -Estradiol (17a-E2), Fibroblast-growth factor-21
(FGF21), and Resveratrol lack FDA approved use in humans
but studies of each have shown promise for an ability to curb
detrimental effects of aging in mice. 17a-E2 is a non-feminizing
hormone found in humans whose administration in mice
leads to reduced body weight, extended lifespan, and mitigated
metabolic and age-related chronic inflammation. However,
these effects were limited to only male mice (Stout et al., 2017).
Fibroblast-growth factor-21 (FGF21) is a protein hormone which
attenuates GH/IGF1 signaling in mice (Mendelsohn and Larrick,
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2012). Transgenic overexpression of FGF21 leads to increased
lifespan (Zhang et al., 2012). Finally, Resveratrol is a polyphenol
found in mulberries, peanuts, and red grapes. Supplementation
of this polyphenol in monkeys has shown increased health while
supplementation in C. Elegans leads to increased lifespan. There
have been mixed results in human studies (Gonzalez-Freire et al.,
2020). Currently, there are new compounds being tested and
older drugs being repurposed for potential utilization to slow
aging processes and extend health in older persons, but more
studies are needed.

DIET, ALZHEIMER'’S DISEASE AND AGING

Since aging is the major risk factor for neurodegenerative disease,
one therapeutic tactic could be to investigate agents that slow
or delay aging processes and evaluate the impact on progression
of AD and related dementias (Figure 1). Little research has
looked at the potential role of diet on AD progression. There is
evidence for certain dietary practices, such as Mediterranean diet
(MD) and vitamin supplementation, offering protection against
neurodegenerative disease development, but the effects of dietary
intervention on the management of AD is relatively unknown
(Mendiola-Precoma et al., 2016; McGrattan et al., 2019). A
few small clinical studies have showed a relationship between
ketogenic diet and improved cognition in AD patients (Rusek
et al., 2019). These findings seem to be supported by studies
showing AD patients consistently exhibit reductions in cerebral
glucose utilization without alteration in brain ketone metabolism
(Castellano et al., 2015; Taylor et al., 2019).

More specifically, diet has been proposed to directly affect
many of the underlying features of AD progression-including
amyloidogenesis, oxidative stress, and inflammation (Wu et al.,
2004; Goémez-Pinilla, 2008; Murphy et al., 2014). Specific
components of diet have been heavily studied for their potential
role in the development and/or management of AD. For
example, elevated levels of cholesterol cause increased amyloid
beta production through the increased activity of APP cleaving
enzymes Yy-secretase and BACEl as well as facilitating a
conformational change from a helical-rich AP structure to
an aggregation prone B-pleated sheet (Kakio et al, 2001;
Thirumangalakudi et al., 2008; Xiong et al., 2008). Therapeutic
lowering of cholesterol via statin therapies has also shown an
association with decreased amyloid beta accumulation and AD
development (Shepardson et al., 2011; Lin et al., 2015). However,
a gradual decline in serum cholesterol is typically seen with
dementias which shows the complexity of AD pathogenesis
(Mielke et al., 2010; Presecki et al., 2011). Studies on fatty
acids have yielded contradicting results, but generally saturated
fats, trans-fats, and w-6 fatty acids offer no benefit or may be
detrimental in the context of AD while w-3 fatty acids have
demonstrated some potential benefits (Liyanage et al., 2019).

The association between a diet rich in carbohydrates and
AD progression is strong and there is speculation as to
whether altered glucose metabolism may be causative in AD.
Consistently high levels of dietary sugars is linked with insulin
resistance, which has been proposed as a contributive factor

for AD development (Liyanage et al, 2019). Interestingly,
brains of AD patients have shown decreased levels of the
glucose transporters GLUT1 and GLUT3, which allow glucose
to cross the blood brain barrier and provide energy to the
CNS (Szablewski, 2017). Decreased glucose delivery to the brain
leads to glucose starvation and stimulates AD neuropathologies,
vascular degeneration, and impaired cognition (Iadecola, 2015;
Winkler et al., 2015). Additionally, proper insulin signaling,
which is disturbed in the AD brain, has also been suggested for
appropriate regulation of amyloid beta and tau proteins (Hong
and Lee, 1997; Qiu et al., 1998; Vekrellis et al., 2000; Planel
etal., 2007; El Khoury et al., 2014). Insulin resistance also triggers
inflammation, which may worsen AD pathology (Creegan et al.,
2015).

In general, alterations to dietary protein intake modifies
lifespan. Mice fed one-of-many diets varying in the ratio
of macronutrients and total energy content (as seen in the
Geometric Framework) found that those on low protein/high
carbohydrate (LPHC) diets had the greatest improvements
in longevity and metabolic health compared to all other
diets (Solon-Biet et al., 2014; Le Couteur et al., 2016). In
humans, a national representative study of nutrition involving
a United States population (6,381 individuals aged 50 years
and over) found that individuals who got more of their dietary
calories from protein had significantly increased risk of all-
cause cancer and cancer-related mortality. Interestingly, this
relationship only applied to those under 66 years of age, as those
older showed reduction in all-cause mortality when getting more
of their calories from protein. The protective effect of increased
dietary protein found in the older group may be explained by
preventing sarcopenia and frailty development, which are more
commonly observed with increased age (Levine et al.,, 2014).
The source of protein may also be important, as a large cohort
study reported an association between higher animal protein
consumption and increased risk of all-cause mortality, when
compared to plant-based protein intake (Song et al., 2016).
Whether protein intake impacts AD directly is an area that
is underexplored.

Adherence to a Mediterranean diet (MD) has been linked
with improved health outcomes. Recent research is finding
that MD may also offer cognitive and/or neurological benefits
(Baumgart et al., 2015). MD consists of a high intake in fruits,
vegetables, fish, nuts, monounsaturated fats, whole grains, and
legumes while limiting intake of red meat, saturated fats, dairy,
and refined grains. Results of many clinical trials have been
suggestive, but not definite, for MD having a protective effect
on dementias and improved cognitive performance with aging
(Gardener and Caunca, 2018). The mechanism through which
MD may be neuroprotective is not fully understood. MD has
been shown to decrease rates of stroke and other vascular diseases
(such as obesity, hypertension, and diabetes). Vascular events are
associated with the development of dementia and may mediate
a connection between MD and neuroprotection. Further, the
antioxidants and anti-inflammatory agents found in MD have
been hypothesized to play a protective role. Mouse models given
extra virgin olive oil (which is high in monounsaturated fats)
had improved cognitive performance and reduced beta-amyloid
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and tau proteins (Qosa et al., 2015). Additionally, neuronal
cells treated with oleocanthal (a polyphenol found in extra
virgin olive oil) led to reduced amyloid-beta oligomer-mediated
astrocyte inflammation and synaptic proteins (Batarseh et al.,
2017).

DIETARY RESTRICTION AND NUTRIENT
SIGNALING

A common pathway involved in many interventions aimed
at slowing aging processes is the somatotropic axis. Genetic
alterations to this axis have dramatic effects on an organism’s
health and life span that is well-conserved evolutionarily. For
example, low levels of growth hormone (GH) signaling, found
in both Ames dwarf and growth hormone receptor (GHR)
knockout mice, can extend the life of mice by over 50% (Brown-
Borg, 2016). In humans with GHR deficiency and subsequent
decreased GH signaling as observed in Laron syndrome (LS),
protection from diabetes and fatal neoplasms occurs (Guevara-
Aguirre et al., 2011). Additionally, studies of centenarians have
found that low plasma levels of insulin-like growth factor-1 (IGF-
1) predict survival in these long-lived people (Milman et al,
2014). Currently there are several classes of compounds approved
for use in patients with acromegaly which inhibit the GH/IGF-
1 axis (Trainer et al., 2000; Giustina et al., 2014). While these
therapeutics have not been studied for their effects on aging and
health span in humans, their safety and the known effects of
decreased GH/IGEF-1 levels on the health span of mice shows a
promising area of future research (Longo et al., 2015).

Many dietary interventions have been found to lower
signaling through the GH/IGF axis and thus positively
impact health and lifespan. Reduced mTOR signaling is also
frequently observed in models of extended lifespan from dietary
manipulation (Papadopoli et al., 2019). It has long been known
that diet impacts health in humans, but more recent work has
now found new connections between diet and aging. The three
most common dietary interventions include caloric restriction
(CR), fasting, and methionine restriction. Each have been shown
to increase lifespan in mice and will be discussed in further depth.

Protocols for caloric restriction (CR; aka dietary restriction)
in rodents generally call for reduced total caloric intake by 20—
50% compared to ad libitum food administration (Vaughan et al.,
2018). The following of these guidelines generally produces a
significant increase in lifespan in mice. However, further studies
have observed that mice of differing genetic backgrounds are
affected by CR differently. 42 different recombinant inbred
strains of mice subjected to CR led to extended lifespan in
nine strains, significantly reduced lifespan in four strains, and
no significant change to 29 strains (Liao et al., 2010; Rikke
et al,, 2010). These results show a need for continued study
of the pathways relating diet to health and aging. Current
understanding seems to indicate that CR’s beneficial effects
on aging work through the key nutrient and stress-responsive
metabolic signaling pathways including IIS/FOXO, mTOR,
AMPK, sirtuins, NRF2, and autophagy (Hwangbo et al., 2020).
Application of CR to human studies has begun. To an extent,

chronic CR has shown to be beneficial to human health such
that moderate CR without malnutrition causes a protective effect
against obesity, type II diabetes, inflammation, hypertension and
cardiovascular disease, all of which are major causes of morbidity,
disability and mortality (Fontana et al., 2004). However, there
remains valid concerns against CR since the duration and severity
required for optimal health and anti-aging benefits is not feasible
for most people over long periods of time and could lead to
undesirable side effects (Longo et al., 2015).

Dietary fasting has also been studied for its impact on health
and aging. There are many forms of fasting but common types
include intermittent fasting (IF), which involves cycling between
ad libitum feeding and periods of fasting, and time restricted
fasting (TRF), in which food intake is limited to 6-12h each
day without a change in the total calorie intake of the normal
diet (Hwangbo et al., 2020). Model studies has shown IF to
lead to improved health with some reports of improved lifespan
as well (Goodrick et al., 1990; Honjoh et al., 2009; Catterson
et al., 2018; de Cabo and Mattson, 2019). TRF has also shown
the potential to improve health and extend lifespan (Hwangbo
etal., 2020). Compared to CR, the mechanisms relating fasting to
aging are not as well-understood and results from rodent studies
signify that IF and TRF effects on aging act through differing
pathways. There have been proposed models, however, linking
CR and IF through common key metabolic pathways (such as
mTOR, IIS, and sirtuin) (Pan and Finkel, 2017). One relatively
well-understood mechanism is that in the yeast Saccharomyces
cerevisiae, in which fasting causes the activation of the stress
resistance transcription factors Msn2/4 and Gisl that regulate
many protective and metabolic genes (Wei et al,, 2008). In
general, though, fasting is believed to be a time in which the
organism activates alternative metabolic pathways which are
important for repair and health maintenance (fasting physiology)
(Longo and Panda, 2016). IF and TRF allow the organism to
spend more time in this metabolic state which could contribute
to greater health and lifespan. Human studies have found IF
and TRF to be safe and to have the ability to improve metabolic
health and physiological function, especially in obese individuals
(Hwangbo et al,, 2020; Martens et al., 2020). Yet, there are
still dangers accompanying fasting implementation in certain
populations of patients, especially those low in BMI, frail and old,
and patients with diabetes receiving insulin or insulin-like drugs.

Although restrictions in total protein is associated with
increased health and lifespan, studies have found that restrictions
in specific amino acids (such as methionine or branched chain
amino acids) cause similar effects. The benefits observed with
methionine restriction in mice are also like those seen with
CR (Brown-Borg, 2016). The longevity benefit of methionine
restriction relies on GH signaling, as in the absence of
GH signaling no lifespan extension is observed (Brown-Borg
et al.,, 2014). Dietary amino acid levels are sensed by at least
two evolutionarily conserved mechanisms—mTOR and GCN2
(general control non-derepressible two). The GCN2 pathway
becomes activated by the absence of many amino acids while
mTOR is activated by specific dietary amino acids (Li W. et al,,
2014). mTORCI, a serine/threonine kinase subunit of mTOR, has
been heavily studied and is an important regulator of cell growth
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and metabolism based on nutrient and growth factor levels
(Kim and Guan, 2019). Pharmacologic inhibition of mTORCI1
extends lifespan in mice and reduced levels of methionine leads
to similar decreased activity in mTORC1 (Harrison et al., 2009).
The conversion of methionine to S-adenosylmethionine (SAM),
and the downstream SAM pathway, has been identified as the
link between methionine and mTORCI signaling. In short,
less dietary intake in methionine leads to decreased mTORCI1
signaling and increased health and lifespan (Kitada et al., 2019).
Importantly, mice on LPHC diets in the Geometric Framework
study showed low circulating branched chain amino acids which
correlated with decreased activation of hepatic mT'OR (Solon-
Biet et al., 2014). This highlights mTOR as an important pathway
in regulating health and lifespan.

Neurovascular coupling (NVC) disruptions and cerebral
microvasculature changes are also being studied as potential
targets for pharmacological therapies of the cognitive decline
typically seen with aging, but dietary intervention offers
another avenue of research into this topic. Increases in
ROS production (especially mitochondrial-derived) as well as
decreased production of oxidative stress protecting molecules,
such as antioxidants and anti-inflammatories, are associated
with vascular aging and disease (Ungvari et al., 2011, 2018,
2019; Springo et al., 2015). Contrarily, elevated levels of
certain antioxidant enzymes, such as mitochondrial catalase,
are associated with protection of cerebral microvasculature and
the NVC mechanism in aging mice (Csiszar et al, 2019).
As previously discussed, integration of dietary changes like
caloric restriction and fasting increase an organism’s stress
response pathways which are known for their anti-inflammatory
and health maintenance qualities. This raises an interesting

question as to what role diet could have on maintenance and/or

REFERENCES

Alexander, G. E., Ryan, L., Bowers, D., Foster, T. C., Bizon, J. L., Geldmacher, D.
S., et al. (2012). Characterizing cognitive aging in humans with links to animal
models. Front. Aging Neurosci. 4:21. doi: 10.3389/fnagi.2012.00021

Alfaras, I, Mitchell, S. J., Mora, H., Lugo, D. R., Warren, A., Navas-Enamorado,
L, et al. (2017). Health benefits of late-onset metformin treatment every other
week in mice. NPJ Aging Mech. Dis. 3:16. doi: 10.1038/s41514-017-0018-7

Alzheimer’s Association (2020b). Stages of Alzheimers. Chicago, IL:
Alzheimer’s Dementia.

Alzheimer’s Association (2020a). Alzheimer’s Disease Facts and Figures. Chicago,
IL: Alzheimers Dementia.

Anisimov, V. N., Popovich, I. G., Zabezhinski, M. A, Egormin, P. A,
Yurova, M. N., Semenchenko, A. V., et al. (2015). Sex differences in
aging, life span and spontaneous tumorigenesis in 129/Sv mice neonatally
exposed to metformin. Cell Cycle 14, 46-55. doi: 10.4161/15384101.2014.
973308

Arnett, P. A,, Rao, S. M., Bernardin, L., Grafman, J., Yetkin, F. Z., and Lobeck, L.
(1994). Relationship between frontal lobe lesions and Wisconsin Card sorting
test performance in patients with multiple sclerosis. Neurology 44(3 Part 1),
420-425. doi: 10.1212/WNL.44.3_Part_1.420

Barzilai, N., Crandall, J. P, Kritchevsky, S. B., and Espeland, M. A.
(2016). Metformin as a tool to target aging. Cell Metab. 23, 1060-1065.
doi: 10.1016/j.cmet.2016.05.011

Batarseh, Y. S., Mohamed, L. A., Al Rihani, S. B., Mousa, Y. M., Siddique, A. B.,
El Sayed, K. A,, et al. (2017). Oleocanthal ameliorates amyloid-p oligomers’

improvement of NVC and cerebral microvasculature in older
adults and AD patients.

CONCLUSION

Aging is a major risk factor for the development of
neurodegenerative diseases such as Alzheimers Disease
(AD). Current therapeutic approaches toward the treatment of
AD have proved to be ineffective and emphasize the need for
alternative options. Certain medications (such as Rapamycin
and Metformin) are intriguing because of their known safety in
humans as well as their ability to improve health and lifespan
in model organisms, but dietary interventions may be the
most feasible and yet understudied option. Diet has long been
known to impact human health and following certain diets
(such as Mediterranean) is associated with decreased incidence
of neurodegenerative diseases as well as increased health and
lifespan. Early findings from a few small studies show that
dietary changes (such as ketogenic diet) may be useful in the
management of AD. However, much more work is needed
to examine the plausibility of dietary interventions for the
management of certain neurodegenerative diseases.

AUTHOR CONTRIBUTIONS

MT and HB-B wrote and edited the manuscript. Both authors
contributed to the article and approved the submitted version.

FUNDING

Support provided by the
REMS program.

University of North Dakota

toxicity on astrocytes and neuronal cells: in vitro studies. Neuroscience 352,
204-215. doi: 10.1016/j.neuroscience.2017.03.059

Baumgart, M., Snyder, H. M., Carrillo, M. C,, Fazio, S., Kim, H., and Johns,
H. (2015). Summary of the evidence on modifiable risk factors for cognitive
decline and dementia: a population-based perspective. Alzheimer’s Dement. 11,
718-726. doi: 10.1016/j.jalz.2015.05.016

Bekris, L. M., Yu, C. E, Bird, T. D., and Tsuang, D. W. (2010). Genetics
of Alzheimer disease. J. Geriatr. Psychiatry Neurol. 23, 213-227.
doi: 10.1177/0891988710383571

Bennett, D. A., Schneider, J. A., Bienias, J. L., Evans, D. A., and Wilson,
R. S. (2005). Mild cognitive impairment is related to Alzheimer
disease pathology and cerebral infarctions. Neurology 64, 834-841.
doi: 10.1212/01.WNL.0000152982.47274.9E

Bloom, G. S. (2014). Amyloid-f and tau: the trigger and bullet in Alzheimer disease
pathogenesis. JAMA Neurol. 71, 505-508. doi: 10.1001/jamaneurol.2013.5847

Bradley-Whitman, M. A., and Lovell, M. A. (2013). Epigenetic changes in
the progression of Alzheimers disease. Mech. Ageing Dev. 134, 486-495.
doi: 10.1016/j.mad.2013.08.005

Brewer, R. A., Gibbs, V. K, and Smith, D. L. Jr. (2016). Targeting
glucose metabolism for healthy aging. Nutr. Health. Aging 4, 31-46.
doi: 10.3233/NHA-160007

Brown-Borg, H. M. (2016). Reduced growth hormone signaling and methionine
restriction: interventions that improve metabolic health and extend life span.
Ann. N. Y. Acad. Sci. 1363, 40-49. doi: 10.1111/nyas.12971

Brown-Borg, H. M., Rakoczy, S. G., Wonderlich, J. A., Rojanathammanee, L.,
Kopchick, J. J., Armstrong, V., et al. (2014). Growth hormone signaling

Frontiers in Aging Neuroscience | www.frontiersin.org

December 2020 | Volume 12 | Article 617071


https://doi.org/10.3389/fnagi.2012.00021
https://doi.org/10.1038/s41514-017-0018-7
https://doi.org/10.4161/15384101.2014.973308
https://doi.org/10.1212/WNL.44.3_Part_1.420
https://doi.org/10.1016/j.cmet.2016.05.011
https://doi.org/10.1016/j.neuroscience.2017.03.059
https://doi.org/10.1016/j.jalz.2015.05.016
https://doi.org/10.1177/0891988710383571
https://doi.org/10.1212/01.WNL.0000152982.47274.9E
https://doi.org/10.1001/jamaneurol.2013.5847
https://doi.org/10.1016/j.mad.2013.08.005
https://doi.org/10.3233/NHA-160007
https://doi.org/10.1111/nyas.12971
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Thelen and Brown-Borg

Aging Interventions and Neurodegeneration

is necessary for lifespan extension by dietary methionine. Aging Cell 13,
1019-1027. doi: 10.1111/acel.12269

Camandola, S., and Mattson, M. P. (2017). Brain metabolism in health, aging, and
neurodegeneration. EMBO J. 36, 1474-1492. doi: 10.15252/embj.201695810

Camardo, J. (2003). “The Rapamune era of immunosuppression 2003: the journey
from the laboratory to clinical transplantation,” in Transplantation Proceedings
(London, UK: Elsevier), 35. S18-524.

Caspary, W. F.,, and Graf, S. (1979). Inhibition of human intestinala-
glucosidehydrolases by a new complex oligosaccharide. Res. Exp. Med. 175, 1-6.
doi: 10.1007/BF01851228

Castellano, C. A., Nugent, S., Paquet, N., Tremblay, S., Bocti, C., Lacombe, G.,
et al. (2015). Lower brain 18F-fluorodeoxyglucose uptake but normal 11C-
acetoacetate metabolism in mild Alzheimer’s disease dementia. J. Alzheimer’s
Dis. 43, 1343-1353. doi: 10.3233/JAD-141074

Catterson, J. H., Khericha, M., Dyson, M. C., Vincent, A. J., Callard, R., Haveron,
S. M., et al. (2018). Short-term, intermittent fasting induces long-lasting gut
health and TOR-independent lifespan extension. Curr. Biol. 28, 1714-1724.
doi: 10.1016/j.cub.2018.04.015

Creegan, R., Hunt, W., McManus, A., and Rainey-Smith, S. R. (2015). Diet,
nutrients and metabolism: cogs in the wheel driving Alzheimer’s disease
pathology?. Br. J. Nutr. 113, 1499-1517. doi: 10.1017/S0007114515000926

Csipo, T., MuKkli, P., Lipecz, A., Tarantini, S., Bahadli, D., Abdulhussein, O., et al.
(2019). Assessment of age-related decline of neurovascular coupling responses
by functional near-infrared spectroscopy (fNIRS) in humans. Geroscience 41,
495-509. doi: 10.1007/s11357-019-00122-x

Csiszar, A., Yabluchanskiy, A., Ungvari, A., Ungvari, Z., and Tarantini, S.
(2019). Overexpression of catalase targeted to mitochondria improves
neurovascular coupling responses in aged mice. Geroscience 41, 609-617.
doi: 10.1007/s11357-019-00111-0

de Cabo, R, and Mattson, M. P. (2019). Effects of intermittent fasting
on health, aging, and disease. N. Engl. J. Med. 381, 2541-2551.
doi: 10.1056/NEJMral905136

Denver, P., and McClean, P. L. (2018). Distinguishing normal brain aging from
the development of Alzheimer’s disease: inflammation, insulin signaling and
cognition. Neural Regen. Res. 13, 1719-1730. doi: 10.4103/1673-5374.238608

Doody, R. S., Thomas, R. G., Farlow, M., Iwatsubo, T., Vellas, B., Joffe, S., et al.
(2014). Phase 3 trials of solanezumab for mild-to-moderate Alzheimer’s disease.
N. Engl. ]. Med. 370, 311-321. doi: 10.1056/NEJMoa1312889

Drayer, B. P. (1988). Imaging of the aging brain. part I. normal findings. Radiology
166, 785-796. doi: 10.1148/radiology.166.3.3277247

Drewe, E. A. (1974). The effect of type and area of brain lesion on

Wisconsin  Card ~ sorting test performance. Cortex 10, 159-170.
doi: 10.1016/S0010-9452(74)80006-7
Dugger, B. N, and Dickson, D. W. (2017). Pathology of

neurodegenerative diseases. Cold Spring Harb. Perspect. Biol. 9:a028035.
doi: 10.1101/cshperspect.a028035

Dumitriu, D., Hao, J., Hara, Y., Kaufmann, J., Janssen, W. G., Lou, W, et al.
(2010). Selective changes in thin spine density and morphology in monkey
prefrontal cortex correlate with aging-related cognitive impairment. J. Neurosci.
30, 7507-7515. doi: 10.1523/INEUROSCI.6410-09.2010

Dykiert, D., Der G, Starr, J. M., and Deary, L. J. (2012). Age differences in intra-
individual variability in simple and choice reaction time: systematic review and
meta-analysis. PLoS ONE 7:€45759. doi: 10.1371/journal.pone.0045759

El Khoury, N., Gratuze, M., Papon, M. A., Bretteville, A., and Planel, E.
(2014). Insulin dysfunction and Tau pathology. Front. Cell. Neurosci. 8:22.
doi: 10.3389/fncel.2014.00022

Esch, F. S., Keim, P. S., Beattie, E. C., Blacher, R. W., Culwell, A. R,, Oltersdorf,
T., et al. (1990). Cleavage of amyloid beta peptide during constitutive
processing of its precursor. Science 248, 1122-1124. doi: 10.1126/science.
2111583

Fabiani, M., Gordon, B. A., Maclin, E. L., Pearson, M. A., Brumback-
Peltz, C. R., Low, K. A,, et al. (2014). Neurovascular coupling in normal
aging: a combined optical, ERP and fMRI study. Neuroimage 85, 592-607.
doi: 10.1016/j.neuroimage.2013.04.113

Fang, E. F.,, Hou, Y., Palikaras, K., Adriaanse, B. A., Kerr, J. S., Yang, B,
et al. (2019). Mitophagy inhibits amyloid-p and tau pathology and reverses
cognitive deficits in models of Alzheimer’s disease. Nat. Neurosci. 22, 401-412.
doi: 10.1038/s41593-018-0332-9

Fontana, L., Meyer, T. E., Klein, S., and Holloszy, J. O. (2004). Long-term calorie
restriction is highly effective in reducing the risk for atherosclerosis in humans.
Proc. Natl. Acad. Sci. U.S.A. 101, 6659-6663. doi: 10.1073/pnas.0308291101

Fulop, G. A., Ahire, C., Csipo, T., Tarantini, S., Kiss, T., Balasubramanian, P., et al.
(2019). Cerebral venous congestion promotes blood-brain barrier disruption
and neuroinflammation, impairing cognitive function in mice. Geroscience 41,
575-589. doi: 10.1007/s11357-019-00110-1

Gardener, H., and Caunca, M. R. (2018).
preventing neurodegenerative diseases. Curr.
doi: 10.1007/513668-018-0222-5

Giustina, A., Chanson, P., Kleinberg, D., Bronstein, M. D., Clemmons, D. R,,
Klibanski, A., et al. (2014). Expert consensus document: a consensus on
the medical treatment of acromegaly. Nat. Rev. Endocrinol. 10, 243-248.
doi: 10.1038/nrendo.2014.21

Gomez-Pinilla, F. (2008). Brain foods: the effects of nutrients on brain function.
Nat. Rev. Neurosci. 9, 568-578. doi: 10.1038/nrn2421

Gonzalez-Freire, M., Diaz-Ruiz, A., Hauser, D., Martinez-Romero, J., Ferrucci, L.,
Bernier, M., et al. (2020). The road ahead for health and lifespan interventions.
Ageing Res. Rev. 25:101037. doi: 10.1016/j.arr.2020.101037

Goodrick, C. L., Ingram, D. K., Reynolds, M. A., Freeman, J. R., and Cider,
N. (1990). Effects of intermittent feeding upon body weight and lifespan in
inbred mice: interaction of genotype and age. Mech. Ageing Dev. 55, 69-87.
doi: 10.1016/0047-6374(90)90107-Q

Grossberg, G. T., Manes, F., Allegri, R. F., Gutiérrez-Robledo, L. M., Gloger, S., Xie,
L., et al. (2013). The safety, tolerability, and efficacy of once-daily memantine
(28 mg): a multinational, randomized, double-blind, placebo-controlled trial
in patients with moderate-to-severe Alzheimer’s disease taking cholinesterase
inhibitors. CNS Drugs 27, 469-478. doi: 10.1007/s40263-013-0077-7

Guevara-Aguirre, J., Balasubramanian, P., Guevara-Aguirre, M., Wei, M., Madia,
F., Cheng, C. W,, et al. (2011). Growth hormone receptor deficiency is
associated with a major reduction in pro-aging signaling, cancer, and diabetes
in humans. Sci. Transl. Med. 3:70ral3. doi: 10.1126/scitranslmed.3001845

Haass, C., Hung, A. Y., Schlossmacher, M. G., Oltersdorf, T., Teplow, D. B., and
Selkoe, D. J. (1993). Normal cellular processing of the B-amyloid precursor
protein results in the secretion of the amyloid B peptide and related molecules
a. Ann. N. Y. Acad. Sci. 695, 109-116. doi: 10.1111/j.1749-6632.1993.tb23037.x

Haass, C., and Selkoe, D. J. (1993). Cellular processing of PB-amyloid
precursor protein and the genesis of amyloid pB-peptide. Cell 75, 1039-1042.
doi: 10.1016/0092-8674(93)90312-E

Harrison, D. E., Strong, R., Allison, D. B., Ames, B. N., Astle, C. M., Atamna,
H., et al. (2014). Acarbose, 17-a-estradiol, and nordihydroguaiaretic acid
extend mouse lifespan preferentially in males. Aging Cell 13, 273-282.
doi: 10.1111/acel. 12170

Harrison, D. E., Strong, R., Sharp, Z. D., Nelson, J. F., Astle, C. M., Flurkey, K., et al.
(2009). Rapamycin fed late in life extends lifespan in genetically heterogeneous
mice. Nature 460, 392-395. doi: 10.1038/nature08221

He, N, Jin, W. L., Lok, K. H,, Wang, Y., Yin, M., and Wang, Z. J. (2013).
Amyloid-p 1-42 oligomer accelerates senescence in adult hippocampal neural
stem/progenitor cells via formylpeptide receptor 2. Cell Death Dis. 4:€924.
doi: 10.1038/cddis.2013.437

Hong, M., and Lee, V. M. (1997). Insulin and insulin-like growth factor-1
regulate tau phosphorylation in cultured human neurons. J. Biol. Chem. 272,
19547-19553. doi: 10.1074/jbc.272.31.19547

Honig, L. S., Vellas, B., Woodward, M., Boada, M., Bullock, R., Borrie, M., et al.
(2018). Trial of solanezumab for mild dementia due to Alzheimer’s disease. N.
Engl. J. Med. 378, 321-330. doi: 10.1056/NEJMoal705971

Honjoh, S., Yamamoto, T., Uno, M., and Nishida, E. (2009). Signalling through
RHEB-1 mediates intermittent fasting-induced longevity in C. elegans. Nature
457, 726-730. doi: 10.1038/nature07583

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S. G., Croteau, D. L., et al.
(2019). Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol.
15, 565-581. doi: 10.1038/541582-019-0244-7

Howard, R., McShane, R., Lindesay, J., Ritchie, C., Baldwin, A., Barber, R., et al.
(2012). Donepezil and memantine for moderate-to-severe Alzheimer’s disease.
N. Engl. ]. Med. 366, 893-903. doi: 10.1056/NEJMoal106668

Hwangbo, D. S., Lee, H. Y., Abozaid, L. S., and Min, K. J. (2020). Mechanisms
of lifespan regulation by calorie restriction and intermittent fasting in model
organisms. Nutrients 12:1194. doi: 10.3390/nu12041194

Mediterranean diet in
Nutr. Rep. 7, 10-20.

Frontiers in Aging Neuroscience | www.frontiersin.org

December 2020 | Volume 12 | Article 617071


https://doi.org/10.1111/acel.12269
https://doi.org/10.15252/embj.201695810
https://doi.org/10.1007/BF01851228
https://doi.org/10.3233/JAD-141074
https://doi.org/10.1016/j.cub.2018.04.015
https://doi.org/10.1017/S0007114515000926
https://doi.org/10.1007/s11357-019-00122-x
https://doi.org/10.1007/s11357-019-00111-0
https://doi.org/10.1056/NEJMra1905136
https://doi.org/10.4103/1673-5374.238608
https://doi.org/10.1056/NEJMoa1312889
https://doi.org/10.1148/radiology.166.3.3277247
https://doi.org/10.1016/S0010-9452(74)80006-7
https://doi.org/10.1101/cshperspect.a028035
https://doi.org/10.1523/JNEUROSCI.6410-09.2010
https://doi.org/10.1371/journal.pone.0045759
https://doi.org/10.3389/fncel.2014.00022
https://doi.org/10.1126/science.2111583
https://doi.org/10.1016/j.neuroimage.2013.04.113
https://doi.org/10.1038/s41593-018-0332-9
https://doi.org/10.1073/pnas.0308291101
https://doi.org/10.1007/s11357-019-00110-1
https://doi.org/10.1007/s13668-018-0222-5
https://doi.org/10.1038/nrendo.2014.21
https://doi.org/10.1038/nrn2421
https://doi.org/10.1016/j.arr.2020.101037
https://doi.org/10.1016/0047-6374(90)90107-Q
https://doi.org/10.1007/s40263-013-0077-7
https://doi.org/10.1126/scitranslmed.3001845
https://doi.org/10.1111/j.1749-6632.1993.tb23037.x
https://doi.org/10.1016/0092-8674(93)90312-E
https://doi.org/10.1111/acel.12170
https://doi.org/10.1038/nature08221
https://doi.org/10.1038/cddis.2013.437
https://doi.org/10.1074/jbc.272.31.19547
https://doi.org/10.1056/NEJMoa1705971
https://doi.org/10.1038/nature07583
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1056/NEJMoa1106668
https://doi.org/10.3390/nu12041194
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Thelen and Brown-Borg

Aging Interventions and Neurodegeneration

Tadecola, C. (2015). Sugar and Alzheimer’s disease: a bittersweet truth. Nat.
Neurosci. 18, 477-478. doi: 10.1038/nn.3986

Jack, C. R., Petersen, R. C., Xu, Y. C., Waring, S. C., O’Brien, P. C., Tangalos, E. G.,
et al. (1997). Medial temporal atrophy on MRI in normal aging and very mild
Alzheimer’s disease. Neurology 49, 786-794. doi: 10.1212/WNL.49.3.786

Jarrett, J. T., Berger, E. P., and Lansbury, P. T. Jr. (1993). The carboxy terminus
of the. beta. amyloid protein is critical for the seeding of amyloid formation:
implications for the pathogenesis of Alzheimers disease. Biochemistry 32,
4693-4697. doi: 10.1021/bi00069a001

Kakio, A., Nishimoto, S. I., Yanagisawa, K., Kozutsumi, Y., and Matsuzaki, K.
(2001). Cholesterol-dependent formation of GM1 ganglioside-bound amyloid
p-protein, an endogenous seed for Alzheimer amyloid. J. Biol. Chem. 276,
24985-24990. doi: 10.1074/jbc.M100252200

Kim, J., and Guan, K. L. (2019). mTOR as a central hub of nutrient signalling and
cell growth. Nat. Cell Biol. 21, 63-71. doi: 10.1038/541556-018-0205-1

Kirkwood, T. B., Feder, M., Finch, C. E., Franceschi, C., Globerson, A.,
Klingenberg, C. P., et al. (2005). What accounts for the wide variation in
life span of genetically identical organisms reared in a constant environment?
Mech. Ageing Dev. 126, 439-443. doi: 10.1016/j.mad.2004.09.008

Kitada, M., Ogura, Y., Monno, L, and Koya, D. (2019). The impact of dietary
protein intake on longevity and metabolic health. EBioMedicine 43, 632-640.
doi: 10.1016/j.ebiom.2019.04.005

Koseoglu, E. (2019). New treatment modalities in Alzheimer’s disease. World J.
Clin. Cases 7, 1764-1774. doi: 10.12998/wjcc.v7.i14.1764

Laplante, M., and Sabatini, D. M. (2012). mTOR signaling in growth control and
disease. Cell 149, 274-293. doi: 10.1016/j.cell.2012.03.017

Le Couteur, D. G., Solon-Biet, S., Cogger, V. C., Mitchell, S. J., Senior, A., de
Cabo, R, et al. (2016). The impact of low-protein high-carbohydrate diets on
aging and lifespan. Cell. Mol. Life Sci. 73, 1237-1252. doi: 10.1007/s00018-015-
2120-y

Levin, O., Fujiyama, H., Boisgontier, M. P., Swinnen, S. P., and Summers, J. J.
(2014). Aging and motor inhibition: a converging perspective provided by brain
stimulation and imaging approaches. Neurosci. Biobehav. Rev. 43, 100-117.
doi: 10.1016/j.neubiorev.2014.04.001

Levine, M. E., Suarez, J. A., Brandhorst, S., Balasubramanian, P., Cheng, C. W.,
Madia, F., et al. (2014). Low protein intake is associated with a major reduction
in IGF-1, cancer, and overall mortality in the 65 and younger but not older
population. Cell Metab. 19, 407-417. doi: 10.1016/j.cmet.2014.02.006

Li, J., Kim, S. G., and Blenis, J. (2014). Rapamycin: one drug, many effects. Cell
Metab. 19, 373-379. doi: 10.1016/j.cmet.2014.01.001

Li, W, Li, X, and Miller, R. A. (2014). ATF 4 activity: a common feature
shared by many kinds of slow-aging mice. Aging Cell 13, 1012-1018.
doi: 10.1111/acel. 12264

Liao, C. Y., Rikke, B. A., Johnson, T. E., Diaz, V., and Nelson, J. F.
(2010). Genetic variation in the murine lifespan response to dietary
restriction: from life extension to life shortening. Aging Cell 9, 92-95.
doi: 10.1111/j.1474-9726.2009.00533.x

Lin, F. C, Chuang, Y. S., Hsieh, H. M, Lee, T. C, Chiu, K. F., Liu,
C. K., et al. (2015). Early statin use and the progression of Alzheimer
disease: a total population-based case-control study. Medicine 94:e2143.
doi: 10.1097/MD.0000000000002143

Lipecz, A., Csipo, T., Tarantini, S., Hand, R. A., Ngo, B. N., Conley, S., et al. (2019).
Age-related impairment of neurovascular coupling responses: a dynamic vessel
analysis (DVA)-based approach to measure decreased flicker light stimulus-
induced retinal arteriolar dilation in healthy older adults. Geroscience 41,
341-349. doi: 10.1007/s11357-019-00078-y

Liu, C. C., Kanekiyo, T., Xu, H., and Bu, G. (2013). Apolipoprotein E and
Alzheimer disease: risk, mechanisms and therapy. Nat. Rev. Neurol. 9, 106-118.
doi: 10.1038/nrneurol.2012.263

Liyanage, S. I, Vilekar, P., and Weaver, D. F. (2019). Nutrients in Alzheimer’s
disease: the interaction of diet, drugs and disease. Canad. J. Neurol. Sci. 46,
23-34. doi: 10.1017/¢jn.2018.353

Long, J. M., and Holtzman, D. M. (2019). Alzheimer
update on pathobiology and treatment strategies. Cell 179, 312-339.
doi: 10.1016/j.cell.2019.09.001

Longo, V. D., Antebi, A., Bartke, A., Barzilai, N., Brown-Borg, H. M., Caruso, C.,
et al. (2015). Interventions to slow aging in humans: are we ready? Aging Cell
14, 497-510. doi: 10.1111/acel.12338

disease: an

Longo, V. D., and Panda, S. (2016). Fasting, circadian rhythms, and
time-restricted feeding in healthy lifespan. Cell Metab. 23, 1048-1059.
doi: 10.1016/j.cmet.2016.06.001

Lopez-Otin, C., Blasco, M. A,, Partridge, L., Serrano, M., and Kroemer, G. (2013).
The hallmarks of aging. Cell 153, 1194-1217. doi: 10.1016/j.cell.2013.05.039

Lovell, M. A., Gabbita, S. P, and Markesbery, W. R. (1999). Increased
DNA oxidation and decreased levels of repair products in
Alzheimer’s disease ventricular CSF. J. Neurochem. 72, 771-776.
doi: 10.1046/j.1471-4159.1999.0720771.x

Manocha, G. D., Floden, A. M., Rausch, K., Kulas, J. A., McGregor, B. A,
Rojanathammanee, L., et al. (2016). APP regulates microglial phenotype
in a mouse model of Alzheimers disease. J. Neurosci. 36, 8471-8486.
doi: 10.1523/JNEUROSCI.4654-15.2016

Markesbery, W. R., Schmitt, F. A., Kryscio, R. J., Davis, D. G., Smith, C. D,,
and Wekstein, D. R. (2006). Neuropathologic substrate of mild cognitive
impairment. Arch. Neurol. 63, 38-46. doi: 10.1001/archneur.63.1.38

Martens, C. R, Rossman, M. J., Mazzo, M. R., Jankowski, L. R., Nagy, E. E,,
Denman, B. A,, et al. (2020). Short-term time-restricted feeding is safe and
feasible in non-obese healthy midlife and older adults. GeroScience 23, 667-686.
doi: 10.1007/s11357-020-00156-6

Martin-Montalvo, A., Mercken, E. M., Mitchell, S. J., Palacios, H. H., Mote, P.
L., Scheibye-Knudsen, M., et al. (2013). Metformin improves healthspan and
lifespan in mice. Nat. Commun. 4:2192. doi: 10.1038/ncomms3192

McGrattan, A. M., McGuinness, B., McKinley, M. C., Kee, F., Passmore, P,,
Woodside, J. V., et al. (2019). Diet and inflammation in cognitive ageing and
Alzheimer’s disease. Curr. Nutr. Rep. 8, 53-65. doi: 10.1007/s13668-019-0271-4

Mendelsohn, A. R., and Larrick, J. W. (2012). Fibroblast growth factor-21
is a promising dietary restriction mimetic. Rejuvenation Res. 15, 624-628.
doi: 10.1089/rej.2012.1392

Mendiola-Precoma, J., Berumen, L. C., Padilla, K., and Garcia-Alcocer, G. (2016).
Therapies for prevention and treatment of Alzheimer’s disease. Biomed Res. Int.
2016:2589276. doi: 10.1155/2016/2589276

Mielke, M. M., Zandi, P. P., Shao, H, Waern, M. M., Ostling, S., Guo
XM, Bjorkelund, C. et al. (2010). The 32-year relationship between
cholesterol and dementia from midlife to late life. Neurology 75, 1888-1895.
doi: 10.1212/WNL.0b013e3181feb2bf

Milman, S., Atzmon, G., Huffman, D. M., Wan, J., Crandall, J. P., Cohen, P., et al.
(2014). Low insulin-like growth factor-1 level predicts survival in humans with
exceptional longevity. Aging Cell 13,769-771. doi: 10.1111/acel.12213

Morris, J. C., Storandt, M., Miller, J. P., McKeel, D. W., Price, J. L., Rubin, E.
H., et al. (2001). Mild cognitive impairment represents early-stage Alzheimer
disease. Arch. Neurol. 58, 397-405. doi: 10.1001/archneur.58.3.397

Mufson, E. J., Chen, E. Y., Cochran, E. J., Beckett, L. A., Bennett, D.
A., and Kordower, J. H. (1999). Entorhinal cortex P-amyloid load in
individuals with mild cognitive impairment. Exp. Neurol. 158, 469-490.
doi: 10.1006/exnr.1999.7086

Murphy, T., Dias, G. P., and Thuret, S. (2014). Effects of diet on brain plasticity
in animal and human studies: mind the gap. Neural Plast. 2014:563160.
doi: 10.1155/2014/563160

Ota, M., Matsuo, J., Ishida, 1., Takano, H., Yokoi, Y., Hori, H., et al. (2019).
Effects of a medium-chain triglyceride-based ketogenic formula on cognitive
function in patients with mild-to-moderate Alzheimer’s disease. Neurosci. Lett.
690, 232-236. doi: 10.1016/j.neulet.2018.10.048

Pan, H., and Finkel, T. (2017). Key proteins and pathways that regulate lifespan. J.
Biol. Chem. 292, 6452-6460. doi: 10.1074/jbc.R116.771915

Papadopoli, D., Boulay, K., Kazak, L., Pollak, M., Mallette, F., Topisirovic, L, et al.
(2019). mTOR as a central regulator of lifespan and aging. FIO0ORes 8:998.
doi: 10.12688/f1000research.17196.1

Papadopoulos, P., Rosa-Neto, P., Rochford, J., and Hamel, E. (2013). Pioglitazone
improves reversal learning and exerts mixed cerebrovascular effects in a mouse
model of Alzheimer’s disease with combined amyloid-B and cerebrovascular
pathology. PLoS ONE 8:¢68612. doi: 10.1371/journal.pone.0068612

Park, J. H., Seo, S. W., Kim, C., Kim, G. H,, Noh, H. J.,, Kim, S. T., et al.
(2013). Pathogenesis of cerebral microbleeds: in vivo imaging of amyloid and
subcortical ischemic small vessel disease in 226 individuals with cognitive
impairment. Ann. Neurol. 73, 584-593. doi: 10.1002/ana.23845

Planel, E., Tatebayashi, Y., Miyasaka, T., Liu, L., Wang, L., Herman, M., et al.
(2007). Insulin dysfunction induces in vivo tau hyperphosphorylation

Frontiers in Aging Neuroscience | www.frontiersin.org

10

December 2020 | Volume 12 | Article 617071


https://doi.org/10.1038/nn.3986
https://doi.org/10.1212/WNL.49.3.786
https://doi.org/10.1021/bi00069a001
https://doi.org/10.1074/jbc.M100252200
https://doi.org/10.1038/s41556-018-0205-1
https://doi.org/10.1016/j.mad.2004.09.008
https://doi.org/10.1016/j.ebiom.2019.04.005
https://doi.org/10.12998/wjcc.v7.i14.1764
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1007/s00018-015-2120-y
https://doi.org/10.1016/j.neubiorev.2014.04.001
https://doi.org/10.1016/j.cmet.2014.02.006
https://doi.org/10.1016/j.cmet.2014.01.001
https://doi.org/10.1111/acel.12264
https://doi.org/10.1111/j.1474-9726.2009.00533.x
https://doi.org/10.1097/MD.0000000000002143
https://doi.org/10.1007/s11357-019-00078-y
https://doi.org/10.1038/nrneurol.2012.263
https://doi.org/10.1017/cjn.2018.353
https://doi.org/10.1016/j.cell.2019.09.001
https://doi.org/10.1111/acel.12338
https://doi.org/10.1016/j.cmet.2016.06.001
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1046/j.1471-4159.1999.0720771.x
https://doi.org/10.1523/JNEUROSCI.4654-15.2016
https://doi.org/10.1001/archneur.63.1.38
https://doi.org/10.1007/s11357-020-00156-6
https://doi.org/10.1038/ncomms3192
https://doi.org/10.1007/s13668-019-0271-4
https://doi.org/10.1089/rej.2012.1392
https://doi.org/10.1155/2016/2589276
https://doi.org/10.1212/WNL.0b013e3181feb2bf
https://doi.org/10.1111/acel.12213
https://doi.org/10.1001/archneur.58.3.397
https://doi.org/10.1006/exnr.1999.7086
https://doi.org/10.1155/2014/563160
https://doi.org/10.1016/j.neulet.2018.10.048
https://doi.org/10.1074/jbc.R116.771915
https://doi.org/10.12688/f1000research.17196.1
https://doi.org/10.1371/journal.pone.0068612
https://doi.org/10.1002/ana.23845
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Thelen and Brown-Borg

Aging Interventions and Neurodegeneration

through  distinct ~ mechanisms.  J.  Neurosci. 13635-13648.
doi: 10.1523/JNEUROSCI.3949-07.2007

Presecki, P., Miick-Seler, D., Mimica, N., Pivac, N., Mustapi¢ M., Stipcevi¢ T, et al.
(2011). Serum lipid levels in patients with Alzheimer’s disease. Coll. Antropol.
35,115-120.

Price, J. L., and Morris, J. C. (1999). Tangles and plaques in nondemented
aging and “preclinical” Alzheimers disease. Ann. Neurol. 45, 358-368.
doi: 10.1002/1531-8249(199903)45:3<358::AID-ANA12>3.0.CO;2-X

Prins, N. D., and Scheltens, P. (2015). White matter hyperintensities, cognitive
impairment and dementia: an update. Nat. Rev. Neurol. 11, 157-165.
doi: 10.1038/nrneurol.2015.10

Puzzo, D., Gulisano, W., Palmeri, A., and Arancio, O. (2015). Rodent models for
Alzheimer’s disease drug discovery. Expert Opin. Drug Discov. 10, 703-711.
doi: 10.1517/17460441.2015.1041913

Qiu, W. Q.,, Walsh, D. M., Ye, Z., Vekrellis, K., Zhang, J., Podlisny, M.
B., et al. (1998). Insulin-degrading enzyme regulates extracellular levels
of amyloid B-protein by degradation. J. Biol. Chem. 273, 32730-32738.
doi: 10.1074/jbc.273.49.32730

Qosa, H., Mohamed, L. A., Batarseh, Y. S., Algahtani, S., Ibrahim, B., LeVine,
L I I. H, et al. (2015). Extra-virgin olive oil attenuates amyloid-p and tau
pathologies in the brains of TgSwDI mice. J. Nutr. Biochem. 26, 1479-1490.
doi: 10.1016/j.jnutbio.2015.07.022

Ramirez, J., Berezuk, C., McNeely, A. A., Gao, F., McLaurin, J., and Black,
S. E. (2016). Imaging the perivascular space as a potential biomarker of
neurovascular and neurodegenerative diseases. Cell. Mol. Neurobiol. 36,
289-299. doi: 10.1007/s10571-016-0343-6

Rikke, B. A., Liao, C. Y., McQueen, M. B., Nelson, J. F., and Johnson, T.
E. (2010). Genetic dissection of dietary restriction in mice supports the
metabolic efficiency model of life extension. Exp. Gerontol. 45, 691-701.
doi: 10.1016/j.exger.2010.04.008

Robinson, A. L., Heaton, R. K., Lehman, R. A., and Stilson, D. W. (1980). The
utility of the Wisconsin card sorting test in detecting and localizing frontal
lobe lesions. J. Consult. Clin. Psychol. 48, 605-614. doi: 10.1037/0022-006X.48.
5.605

Romberg, C., Horner, A. E., Bussey, T. J., and Saksida, L. M. (2013). A
touch screen-automated cognitive test battery reveals impaired attention,
memory abnormalities, and increased response inhibition in the TgCRNDS8
mouse model of Alzheimers disease. Neurobiol. Aging 34, 731-744.
doi: 10.1016/j.neurobiolaging.2012.08.006

Rose, M. R. (2009). Adaptation, aging, and genomic information. Aging 1, 444-450.
doi: 10.18632/aging.100053

Rosvold, H. E., Mirsky, A. F., Sarason, L., Bransome Jr, E. D., and Beck, L. H.
(1956). A continuous performance test of brain damage. J. Consult. Psychol. 20,
343-350. doi: 10.1037/h0043220

Rusek, M., Pluta, R., Utamek-Koziol, M., and Czuczwar, S. J. (2019). Ketogenic diet
in Alzheimer’s disease. Int. J. Mol. Sci. 20:3892. doi: 10.3390/ijms20163892

Salloway, S., Sperling, R., Fox, N. C., Blennow, K., Klunk, W., Raskind, M., et al.
(2014). Two phase 3 trials of bapineuzumab in mild-to-moderate Alzheimer’s
disease. N. Engl. J. Med. 370, 322-333. doi: 10.1056/NEJMoa1304839

Saxton, R. A., and Sabatini, D. M. (2017). mTOR signaling in growth, metabolism,
and disease. Cell 168, 960-976. doi: 10.1016/j.cell.2017.02.004

27,

Shepardson, N. E., Shankar, G. M., and Selkoe, D. J. (2011).
Cholesterol level and statin use in Alzheimer disease: II. review of
human trials and recommendations. Arch. Neurol. 68, 1385-1392.

doi: 10.1001/archneurol.2011.242

Shim, Y. S., Yang, D. W., Roe, C. M., Coats, M. A., Benzinger, T. L., Xiong,
C., et al. (2015). Pathological correlates of white matter hyperintensities on
magnetic resonance imaging. Dement. Geriatr. Cogn. Disord. 39, 92-104.
doi: 10.1159/000366411

Shineman, D. W, Basi, G. S, Bizon, J. L, Colton, C. A,
Greenberg, B. D., Hollister, B. A, et al. (2011). Accelerating drug
discovery for Alzheimers disease: best practices for preclinical
animal  studies.  Alzheimers Res. Ther. 3:28. doi: 10.1186/alz
rt90

Shoji, M., Golde, T. E., Ghiso, J., Cheung, T. T. Estus, S. Shaffer, L.
M., et al. (1992). Production of the Alzheimer amyloid beta protein by
normal proteolytic processing. Science 258, 126-129. doi: 10.1126/science.143
9760

Simunkova, M., Alwasel, S. H., Alhazza, 1. M., Jomova, K., Kollar, V., Rusko,
M., et al. (2019). Management of oxidative stress and other pathologies in
Alzheimer’s disease. Arch. Toxicol. 93, 2491-2513. doi: 10.1007/500204-019-02
538-y

Solon-Biet, S. M., McMahon, A. C., Ballard, J. W., Ruohonen, K., Wu,
L. E, Cogger, V. C,, et al. (2014). The ratio of macronutrients, not
caloric intake, dictates cardiometabolic health, aging, and longevity in
ad libitum-fed mice. Cell Metab. 19, 418-430. doi: 10.1016/j.cmet.2014.0
2.009

Song, M., Fung, T. T., Hu, F. B, Willett, W. C,, Longo, V. D., Chan, A.
T., et al. (2016). Association of animal and plant protein intake with all-
cause and cause-specific mortality. JAMA Intern. Med. 176, 1453-1463.
doi: 10.1001/jamainternmed.2016.4182

Sperling, R. A., Aisen, P. S., Beckett, L. A., Bennett, D. A,, Craft, S., Fagan,
A. M, et al. (2011). Toward defining the preclinical stages of Alzheimer’s
disease: recommendations from the National Institute on Aging-Alzheimer’s
association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimer’s Dement. 7, 280-292. doi: 10.1016/j.jalz.2011.03.003

Sperling, R. A, Karlawish, J., and Johnson, K. A. (2013). Preclinical
Alzheimer disease—the challenges ahead. Nat. Rev. Neurol. 9, 5458.
doi: 10.1038/nrneurol.2012.241

Springo, Z., Tarantini, S., Toth, P., Tucsek, Z., Koller, A., Sonntag, W. E., et al.
(2015). Aging exacerbates pressure-induced mitochondrial oxidative stress in
mouse cerebral arteries. J. Gerontol. A Biomed. Sci. Med. Sci. 70, 1355-1359.
doi: 10.1093/gerona/glu244

Stout, M. B., Steyn, F. J., Jurczak, M. J., Camporez, J. P., Zhu, Y., Hawse, J. R,,
et al. (2017). 17a-Estradiol alleviates age-related metabolic and inflammatory
dysfunction in male mice without inducing feminization. J. Gerontol. A Biomed.
Sci. Med. Sci. 72, 3-15. doi: 10.1093/gerona/glv309

Szablewski, L. (2017). Glucose transporters in brain: in health and in Alzheimer’s
disease. J. Alzheimer’s Dis. 55, 1307-1320. doi: 10.3233/JAD-160841

Tai, L. M., Balu, D., Avila-Munoz, E., Abdullah, L., Thomas, R., Collins, N., et al.
(2017). EFAD transgenic mice as a human APOE relevant preclinical model of
Alzheimer’s disease. J. Lipid Res. 58, 1733-1755. doi: 10.1194/jlr. R076315

Tarantini, S., Tran, C. H., Gordon, G. R, Ungvari, Z., and Csiszar, A.
(2017). Impaired neurovascular coupling in aging and Alzheimer’s disease:
contribution of astrocyte dysfunction and endothelial impairment to cognitive
decline. Exp. Gerontol. 94, 52-58. doi: 10.1016/j.exger.2016.11.004

Tarantini, S., Valcarcel-Ares, M. N., Toth, P., Yabluchanskiy, A., Tucsek, Z., Kiss,
T., et al. (2019a). Nicotinamide mononucleotide (NMN) supplementation
rescues cerebromicrovascular endothelial function and neurovascular coupling
responses and improves cognitive function in aged mice. Redox Biol. 24:101192.
doi: 10.1016/j.redox.2019.101192

Tarantini, S., Valcarcel-Ares, N. M., Yabluchanskiy, A., Fulop, G. A., Hertelendy,
P., Gautam, T., et al. (2018). Treatment with the mitochondrial-targeted
antioxidant peptide SS-31 rescues neurovascular coupling responses and
cerebrovascular endothelial function and improves cognition in aged mice.
Aging Cell 17:12731. doi: 10.1111/acel.12731

Tarantini, S., Yabluchanskiy, A., Csipo, T., Fulop, G., Kiss, T., Balasubramanian
PDelFavero, J., et al. (2019b). Treatment with the poly(ADP-ribose)
polymerase inhibitor PJ-34 improves cerebromicrovascular endothelial
function, neurovascular coupling responses and cognitive performance in aged
mice, supporting the NAD+ depletion hypothesis of neurovascular aging.
Geroscience 41, 533-542. doi: 10.1007/s11357-019-00101-2

Taylor, M. K., Swerdlow, R. H. and Sullivan, D. K. (2019). Dietary
neuroketotherapeutics for Alzheimer’s disease: An evidence update and the
potential role for diet quality. Nutrients 11:1910. doi: 10.3390/nu11081910

Terry, R. D, and Katzman, R. (2001). Life span and synapses: will
there be a primary senile dementia? Neurobiol. Aging 22, 347-348.
doi: 10.1016/S0197-4580(00)00250-5

Thirumangalakudi, L., Prakasam, A., Zhang, R., Bimonte-Nelson, H,
Sambamurti, K., Kindy, M. S., et al. (2008). High cholesterol-induced
neuroinflammation and amyloid precursor protein processing correlate
with loss of working memory in mice. J. Neurochem. 106, 475-485.
doi: 10.1111/.1471-4159.2008.05415.x

Toth, P., Tarantini, S., Davila, A., Valcarcel-Ares, M. N., Tucsek, Z., Varamini,
B., et al. (2015). Purinergic glio-endothelial coupling during neuronal activity:
role of P2Y1 receptors and eNOS in functional hyperemia in the mouse

Frontiers in Aging Neuroscience | www.frontiersin.org

11

December 2020 | Volume 12 | Article 617071


https://doi.org/10.1523/JNEUROSCI.3949-07.2007
https://doi.org/10.1002/1531-8249(199903)45:3$<$358::AID-ANA12$>$3.0.CO
https://doi.org/10.1038/nrneurol.2015.10
https://doi.org/10.1517/17460441.2015.1041913
https://doi.org/10.1074/jbc.273.49.32730
https://doi.org/10.1016/j.jnutbio.2015.07.022
https://doi.org/10.1007/s10571-016-0343-6
https://doi.org/10.1016/j.exger.2010.04.008
https://doi.org/10.1037/0022-006X.48.5.605
https://doi.org/10.1016/j.neurobiolaging.2012.08.006
https://doi.org/10.18632/aging.100053
https://doi.org/10.1037/h0043220
https://doi.org/10.3390/ijms20163892
https://doi.org/10.1056/NEJMoa1304839
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1001/archneurol.2011.242
https://doi.org/10.1159/000366411
https://doi.org/10.1186/alzrt90
https://doi.org/10.1126/science.1439760
https://doi.org/10.1007/s00204-019-02538-y
https://doi.org/10.1016/j.cmet.2014.02.009
https://doi.org/10.1001/jamainternmed.2016.4182
https://doi.org/10.1016/j.jalz.2011.03.003
https://doi.org/10.1038/nrneurol.2012.241
https://doi.org/10.1093/gerona/glu244
https://doi.org/10.1093/gerona/glv309
https://doi.org/10.3233/JAD-160841
https://doi.org/10.1194/jlr.R076315
https://doi.org/10.1016/j.exger.2016.11.004
https://doi.org/10.1016/j.redox.2019.101192
https://doi.org/10.1111/acel.12731
https://doi.org/10.1007/s11357-019-00101-2
https://doi.org/10.3390/nu11081910
https://doi.org/10.1016/S0197-4580(00)00250-5
https://doi.org/10.1111/j.1471-4159.2008.05415.x
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Thelen and Brown-Borg

Aging Interventions and Neurodegeneration

somatosensory cortex. Am. J. Physiol. Heart Circ. Physiol. 309, H1837-H1845.
doi: 10.1152/ajpheart.00463.2015

Toth, P., Tarantini, S., Tucsek, Z., Ashpole, N. M., Sosnowska, D., Gautam, T, et al.
(2014). Resveratrol treatment rescues neurovascular coupling in aged mice: role
of improved cerebromicrovascular endothelial function and downregulation
of NADPH oxidase. Am. J. Physiol. Heart Circ. Physiol. 306, H299-H308.
doi: 10.1152/ajpheart.00744.2013

Trainer, P. J., Drake, W. M., Katznelson, L., Freda, P. U., Herman-Bonert, V.,
van der Lely, A. J., et al. (2000). Treatment of acromegaly with the growth
hormone-receptor antagonist pegvisomant. N. Engl. J. Med. 342, 1171-1177.
doi: 10.1056/NEJM200004203421604

Ungvari, Z., Bailey-Downs, L., Gautam, T., Sosnowska, D., Wang, M., Monticone,
R. E, et al. (2011). Age-associated vascular oxidative stress, Nrf2 dysfunction,
and NF-kB activation in the nonhuman primate Macaca mulatta. J. Gerontol. A
Biomed. Sci. Med. Sci. 66, 866-875. doi: 10.1093/gerona/glr092

Ungvari, Z., Tarantini, S., Donato, A. J, Galvan, V. and Csiszar, A.
(2018). Mechanisms of vascular aging. Circ. Res. 123, 849-867.
doi: 10.1161/CIRCRESAHA.118.311378

Ungvari, Z., Tarantini, S., Nyal-Téth, A., Kiss, T., Yabluchanskiy, A., Csipo, T.,
et al. (2019). Nrf2 dysfunction and impaired cellular resilience to oxidative
stressors in the aged vasculature: from increased cellular senescence to
the pathogenesis of age-related vascular diseases. Geroscience 41, 727-738.
doi: 10.1007/s11357-019-00107-w

Vaughan, K. L., Kaiser, T., Peaden, R., Anson, R. M., de Cabo, R., and Mattison,
J. A. (2018). Caloric restriction study design limitations in rodent and
nonhuman primate studies. J. Gerontol. A 73, 48-53. doi: 10.1093/gerona/
glx088

Vekrellis, K., Ye, Z, Qiu, W. Q., Walsh, D., Hartley, D., Chesneau, V.,
et al. (2000). Neurons regulate extracellular levels of amyloid B-protein
via proteolysis by insulin-degrading enzyme. J. Neurosci. 20, 1657-1665.
doi: 10.1523/JNEUROSCI.20-05-01657.2000

Webster, S. J., Bachstetter, A. D., Nelson, P. T., Schmitt, F. A., and Van Eldik,
L. J. (2014). Using mice to model Alzheimer’s dementia: an overview of the
clinical disease and the preclinical behavioral changes in 10 mouse models.
Front. Genet. 5:88. doi: 10.3389/fgene.2014.00088

Wei, M., Fabrizio, P., Hu, J., Ge, H., Cheng, C, Li, L., et al. (2008). Life
span extension by calorie restriction depends on Rim15 and transcription
factors downstream of Ras/PKA, Tor, and Sch9. PLoS Genet. 4:el3.
doi: 10.1371/journal.pgen.0040013

Weller, J., and Budson, A.
Alzheimer’s  disease  diagnosis
doi: 10.12688/f1000research.14506.1

Wiedenhoeft, T., Tarantini, S., Nyul-Téth, A., Yabluchanskiy, A., Csipo, T.,
Balasubramanian, P., et al. (2019). Fusogenic liposomes effectively deliver

(2018).
and

Current  understanding  of

treatment.  FIO00Res.  7:1161.

resveratrol to the cerebral microcirculation and improve endothelium-
dependent neurovascular coupling responses in aged mice. Geroscience 41,
711-725. doi: 10.1007/s11357-019-00102-1

Wilkinson, R. T. (1963). Interaction of noise with knowledge of results and sleep
deprivation. J. Exp. Psychol. 66, 332-337. doi: 10.1037/h0044161

Winkler, E. A. Nishida, Y., Sagare, A. P, Rege, S. V., Bell, R D,
Perlmutter, D, et al. (2015). GLUT1 reductions exacerbate Alzheimer’s disease
vasculo-neuronal dysfunction and degeneration. Nat. Neurosci. 18, 521-530.
doi: 10.1038/nn.3966

Woolf, S. H., and Schoomaker, H. (2019). Life expectancy and mortality rates in the
United States, 1959-2017. JAMA 322, 1996-2016. doi: 10.1001/jama.2019.16932

Wu, A, Ying, Z., and Gomez-Pinilla, F. (2004). The interplay between oxidative
stress and brain-derived neurotrophic factor modulates the outcome of a
saturated fat diet on synaptic plasticity and cognition. Eur. J. Neurosci. 19,
1699-1707. doi: 10.1111/j.1460-9568.2004.03246.x

Xing, S. H., Zhu, C. X,, Zhang, R., and An, L. (2014). Huperzine a in the treatment
of Alzheimer’s disease and vascular dementia: a meta-analysis. Evid. Based
Complement Alternat. Med. 2014:363985. doi: 10.1155/2014/363985

Xiong, H., Callaghan, D., Jones, A., Walker, D. G,, Lue, L. F.,, Beach, T. G,, et al.
(2008). Cholesterol retention in Alzheimer’s brain is responsible for high B-
and y-secretase activities and AP production. Neurobiol. Dis. 29, 422-437.
doi: 10.1016/j.nbd.2007.10.005

Young, J. W, Light, G. A., Marston, H. M., Sharp, R., and Geyer, M. A. (2009).
The 5-choice continuous performance test: evidence for a translational test of
vigilance for mice. PLoS ONE 4:e4227. doi: 10.1371/journal.pone.0004227

Zhang, Y., Xie, Y., Berglund, E. D., Coate, K. C., He, T. T., Katafuchi, T, et al.
(2012). The starvation hormone, fibroblast growth factor-21, extends lifespan
in mice. Elife 1:¢00065. doi: 10.7554/eLife.00065

Zhuo, J. M., Prescott, S. L., Murray, M. E., Zhang, H. Y., Baxter, M. G., and
Nicolle, M. M. (2007). Early discrimination reversal learning impairment
and preserved spatial learning in a longitudinal study of Tg2576 APPsw
mice. Neurobiol. Aging 28, 1248-1257. doi: 10.1016/j.neurobiolaging.2006.
05.034

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Thelen and Brown-Borg. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

12

December 2020 | Volume 12 | Article 617071


https://doi.org/10.1152/ajpheart.00463.2015
https://doi.org/10.1152/ajpheart.00744.2013
https://doi.org/10.1056/NEJM200004203421604
https://doi.org/10.1093/gerona/glr092
https://doi.org/10.1161/CIRCRESAHA.118.311378
https://doi.org/10.1007/s11357-019-00107-w
https://doi.org/10.1093/gerona/glx088
https://doi.org/10.1523/JNEUROSCI.20-05-01657.2000
https://doi.org/10.3389/fgene.2014.00088
https://doi.org/10.1371/journal.pgen.0040013
https://doi.org/10.12688/f1000research.14506.1
https://doi.org/10.1007/s11357-019-00102-1
https://doi.org/10.1037/h0044161
https://doi.org/10.1038/nn.3966
https://doi.org/10.1001/jama.2019.16932
https://doi.org/10.1111/j.1460-9568.2004.03246.x
https://doi.org/10.1155/2014/363985
https://doi.org/10.1016/j.nbd.2007.10.005
https://doi.org/10.1371/journal.pone.0004227
https://doi.org/10.7554/eLife.00065
https://doi.org/10.1016/j.neurobiolaging.2006.05.034
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Does Diet Have a Role in the Treatment of Alzheimer's Disease?
	Introduction
	Brain Aging and AD
	Therapies for AD
	Models of AD
	Therapies for Aging
	Diet, Alzheimer's Disease and Aging
	Dietary Restriction and Nutrient Signaling
	Conclusion
	Author Contributions
	Funding
	References


