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Aging

Aging is the greatest risk factor for most diseases including cancer, cardiovascular disorders, and neurodegen-
erative disease. There is emerging evidence that interventions that improve metabolic health with aging may
also be effective for brain health. The most robust interventions are non-pharmacological and include limiting
calorie or protein intake, increasing aerobic exercise, or environmental enrichment. In humans, dietary patterns
including the Mediterranean, Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and
Disability (FINGER) and Okinawan diets are associated with improved age-related health and may reduce

neurodegenerative disease including dementia. Rapamycin, metformin and resveratrol act on nutrient sensing
pathways that improve cardiometabolic health and decrease the risk for age-associated disease. There is some
evidence that they may reduce the risk for dementia in rodents. There is a growing recognition that improving
metabolic function may be an effective way to optimize brain health during aging.

1. Introduction

The world's population is aging rapidly. By 2050, it is expected that
the global population will total nearly 9.8 billion people and strikingly,
the fastest growing population are people over the age of 60; the
number of people in this age group will reach 2.1 billion or 25% of the
total global population (United Nations Department of Economic and
Social Affairs/Population Division, 2017). Furthermore, aging is the
greatest risk factor for most chronic diseases including cardiovascular
disease, cancers, osteoporosis, arthritis, diabetes, and neurodegenera-
tive disorders such as dementia (de Cabo and Le Couteur, 2015).

Neurodegenerative diseases are characterised by cellular and me-
tabolic processes which accelerate during advanced age (Mattson and
Arumugam, 2018). Mattson and Arumugam outlined the common
characteristics of brain aging which include: (1) reduced DNA repair;
(2) abnormal molecular waste disposal; (3) mitochondrial dysfunction;
(4) oxidative damage; (5) neuronal calcium dysregulation; (6) impaired
adaptive stress response; (7) inflammation; (8) stem cell exhaustion;
and (9) abnormal neuronal network activity (Fig. 1). The authors at-
tributed these characteristics to dysregulated brain energy metabolism

which occurs during aging (Mattson and Arumugam, 2018).

The observation that the aging process and dementia share common
characteristics suggests that the two processes are linked on cellular and
molecular levels (Xia et al., 2018). The number of people worldwide
with dementia numbered 47 million in 2015, and this number is set to
triple by 2050 (Livingston et al., 2017). There is an urgent need to
understand the factors that contribute to dementia in order to develop
interventions that delay the onset of the disease or improve symptoms
during aging. One concept in the field of aging biology is that lifestyle
modifications can directly influence the rate of aging and may reduce
the burden of age-associated disease, including dementia, in humans
(Fontana et al., 2014; Fontana and Partridge, 2015). Many of these
pharmacological and non-pharmacological interventions act on nu-
trient sensing pathways to influence systemic metabolic health, sug-
gesting a key role for metabolic health in the pathogenesis of age-re-
lated diseases.

2. The spectrum of normal brain aging

There is a continuum in the molecular, microscopic and gross
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Fig. 1. The main hallmarks of normal brain aging are also present in dementia. These include: Reduced DNA repair, impaired molecular waste disposal, mi-
tochondrial dysfunction, oxidative damage, neuronal calcium dysregulation, abnormal neuronal network activity, impaired adaptive stress response, inflammation,

and stem cell exhaustion.

morphological characteristics of normal aging and many cases of late
onset dementia (Wahl et al., 2016). The ‘Hallmarks of Aging’ (biological
processes that underlie aging) inevitably occur in dementia, while many
pathological features of dementia occur in older people without cog-
nitive impairment. Therefore, it is often the degree of neuropathology
(eg plaques and tangles in the case of Alzheimer's disease) that differ-
entiates normal brain aging and dementia, rather than any specific
pathological features (Anderton, 1997).

With old age there is an overall reduction in brain volume with the
majority of grey matter shrinkage occurring in the hippocampus and
prefrontal cortex (PFC) (Anderton, 2002). Aging brains also exhibit
neuroinflammation (Barrientos et al., 2015) and disruption of calcium
homeostasis (Nikoletopoulou and Tavernarakis, 2012; Verkhratsky and
Toescu, 1998) which coincides with a decrease in brain-derived neu-
rotrophic factor (BNDF). The cognitive changes associated with aging
may be associated with slight alterations in synaptic physiology in the
hippocampus and PFC (Morrison and Baxter, 2012). This can lead to
reduced dendritic branching and spine counts in PFC neurons (Dumitriu
et al.,, 2010). AP plaques and neurofibrillary tangles occur to some
degree in many older people, and is not exclusive to neurodegenerative
disease (Xekardaki et al., 2015).

Minor cognitive changes during normal aging are common (Fletcher
et al., 2018). Declines in working memory (Stanley et al., 2015) and
executive function (Kirova et al., 2015) are the most common functions
to decline with aging. Spatial memory also commonly deteriorates
during normal aging and is likely due to shrinkage of the hippocampus
and surrounding entorhinal cortex (Coughlan et al., 2018; Epstein et al.,
2017). Although less common, some additional changes may be seen in
processing speed and attention (Harada et al., 2013). Problems with
decision making and reasoning are common in older age, and linked
with decline in cardiovascular function (Roberts et al., 2013). Im-
portantly, these changes in brain function do not warrant the criteria
for a diagnosis of dementia.

3. Defining dementia

Dementia is generally defined as a neurodegenerative condition that
is progressive, influences a range of cognitive domains (Dening and
Sandilyan, 2015) and impairs function. Dementia is associated with
deterioration of memory, thinking, learning, comprehension, decision
making and behaviour. By definition, dementia causes a loss of the
ability to perform everyday tasks (World Health Organization, 2015).
There are several subtypes of dementia which have distinct genetic and
molecular aetiologies. The spectrum of dementia includes late-onset
Alzheimer's disease (LOAD), vascular dementia (VD), Lewy body de-
mentia (LBD), and frontotemporal dementia (FTD) (Table 1). Mild

cognitive impairment (MCI) is considered to be the mid-point between
normal cognition and dementia, and may share several molecular and
pathological hallmarks with dementia (Petersen, 2016a).

Various imaging technologies are used to aid in the diagnosis of
dementia in clinical practice and to determine the subtypes of dementia
(Fig. 2) (Petersen, 2011; Petersen, 2016b). Magnetic resonance imaging
(MRI) usually shows overall shrinkage in superficial cortical grey and
underlying white matter, with further atrophy of the temporal lobes,
frontal cortex, and hippocampi, regardless of the dementia subtype
(Fig. 2a). There is reduction in neuronal glucose uptake as measured by
fluorodeoxyglucose uptake on PET scans and this may be region-spe-
cific depending on the type of dementia (Fig. 2b). Positron emission
tomography (PET) scans can identify amyloid aggregates (Fig. 2c) and
Tau protein aggregation, which largely occurs in the temporal lobes and
hippocampus particularly in LOAD (Fig. 2d) (Petersen, 2011).

3.1. Mild cognitive impairment

It is estimated that approximately 15% of older people are affected
by MCI, but this percentage varies substantially depending upon diag-
nostic criteria (Roberts et al., 2008). Although patients with MCI do not
meet the criteria for a dementia diagnosis, they are at increased risk of
developing dementia, particularly if they have amnestic MCI (Petersen,
2016b) MCl is considered to represent early dementia, but many people
with MCI do not develop dementia or may return to normal. The neu-
ropathology of MCI is mixed, but amyloid plaques and neurofibrillary
tangles may be detected, in association with atrophy on MRI and de-
position of amyloid and tau on PET scans (Fig. 2). MCI may be linked to
the €4 allele of APOE which increases the risk of Alzheimer's disease
(Tervo et al., 2004). No pharmacological intervention has yet been
shown to influence MCI or its progression to dementia (Tervo et al.,
2004).

3.2. Late onset Alzheimer's disease

Early onset AD (before the age of 65years) has a strong genetic
component, and increasing age is not its major risk factor (Mendez,
2017) therefore, it is not discussed here. Although old age is the main
risk factor for LOAD, it should be noted that there are several genes that
increase the risk of LOAD. The main gene associated with LOAD is the
€4 allele of Apolipoprotein E (APOE) (Goate et al., 1991; Guerreiro and
Hardy, 2014; Saunders et al., 1993), which increases the risk of AD
(unlike the genetic polymorphisms associated with EOAD which are
directly causative). Other genetic studies have shown that as many as
20 genes or more (Rezazadeh et al., 2019) are associated with LOAD
although their role in LOAD remains uncertain.
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Table 1

Summary of the most prevalent forms of dementia and mild-cognitive impairment, prevalence, links to cardiometabolic health and lifestyle, molecular aetiologies, and most commonly used treatments. A = amyloid

beta; MAP

N-methyl-p-aspartate.

microtubule associated protein; NMDA

Selected references

Most commonly used treatments

Suggested molecular links

Suggested cardiometabolic and lifestyle

links

Prevalence

Neurodegenerative
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No effective pharmaceutical

treatments

AB; Tau. €4 allele of the APOE gene

Obesity; metabolic syndrome; no
physical activity; smoking

8.4% (65-69); 10.1%

Mild Cognitive
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25.2% (80-84).

Impairment
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NMDA receptor antagonists and
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lack of cognitive stimulation
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Querfurth and LaFerla, 2010)

acetylcholinesterase inhibitors

Disease

failure; mitochondrial dysfunction; calcium
dysregulation. €4 allele of the APOE gene
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(Biessels and Despa, 2018; Hebert and

NMDA receptor antagonists and

Stroke; hypertension; diabetes; heart
disease; stroke; raised cholesterol;

4.1% 80-89 years; 6.1%

Vascular dementia

Brayne, 1995; Iadecola, 2013; O'Brien and

acetylcholinesterase inhibitors;
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the APOE gene
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Thomas, 2015; Smith, 2017; Zonneveld et al.,

2018)

Cholesterol lowering medications

smoking; metabolic syndrome; obesity;

no physical activity
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(Boot et al., 2013; Capouch et al., 2018; Emre

Alpha-synuclein protein (Lewy bodies); amyloid Cholinesterase inhibitors; NMDA

B accumulation; mutations in the SNCA and

LRRK2 genes

Lewy body dementia

et al., 2004; Hogan et al., 2016; Hyun et al.,

receptor antagonists; antidepressants

2013; Mayo and Bordelon, 2014; Spillantini

et al., 1997; Walker et al., 2015; Yang et al.,

2018)

(Bang et al., 2015; Ferrari et al., 2014;

Gliosis; microvascular changes; MAP misfolding Focused on behavioural issues

and tau misfolding (Pick bodies). Mutations in

Diabetes; heart disease; bradycardia
C9orf72, MAPT, and GRN genes

~3-26% (< 65 years)

Frontotemporal dementia

Golimstok et al., 2014; Le Ber, 2013; Robles

Bayon et al., 2014)

associated with the disease
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LOAD is the most prevalent form of dementia, responsible for about
half of all cases of dementia (Querfurth and LaFerla, 2010). It has
generally been accepted that LOAD is caused by aggregation of cortical
amyloid plaques and tau protein tangles which lead to neuronal dys-
function and/or death (Lippens et al., 2007). Morphological changes
include a reduction in dendritic branching in the PFC, a decrease in
dendritic spine density, hippocampal and subcortical grey and white
matter atrophy (Cummings, 2004). Another key feature of LOAD is a
decrease in cerebral blood flow, which may also contribute to neuronal
death, and suggests a cardiometabolic role in the pathogenesis of LOAD
(Sweeney et al., 2018). Further cellular changes include mitochondrial
dysfunction, increased oxidative stress, calcium dysregulation, and
abnormal insulin signalling (Querfurth and LaFerla, 2010; Sanabria-
Castro et al., 2017) which are also key ‘Hallmarks of Aging’.

3.3. Vascular dementia

The human brain uses approximately 25% of total oxygen and
glucose ingested, despite accounting for only 2-3% of the total body
weight (Dekaban, 1978; Ozturk and Tan, 2018). Adequate blood supply
to the brain is highly dependent on optimal cardiovascular function and
cerebral vasculature. There is a close association between cardiovas-
cular disease and dementia, including LOAD and VD. Cardiovascular
risk factors in midlife are associated with subcortical white matter le-
sions, impaired vascular microstructure of the brain, and disrupted
neuronal network activity, and contribute to the deterioration of higher
cortical function during aging (ladecola, 2013).

3.4. Lewy body dementia

LBD occurs mainly in people older than 65years and is differ-
entiated from other dementia mostly by the presence of parkinsonian
features (Walker et al., 2015), and like Parkinson's disease, is associated
with deposition of alpha-synuclein (Yang et al., 2018). In LBD, there
may also be aggregation of amyloid and tau, suggesting some overlap
with AD (Jellinger, 2018). There is a rare genetic link to LBD with
mutations in the SNCA and LRRK2 genes; APOE may also contribute to
disease progression (Keogh et al., 2016).

3.5. Frontotemporal dementia

FTD often occurs in younger patients (45-64 years) and presents
with behavioural disturbances (apathy, decline in socially appropriate
behavior) and speech impairment which precede the onset of other
dementia symptoms (Faber, 1999). Imaging shows pronounced atrophy
of the frontal and temporal lobes (Bang et al., 2015). The risk of FTD is
increased in people with diabetes, heart disease, and bradycardia
(Golimstok et al., 2014; Robles Bayon et al., 2014). However, there is a
strong genetic component to the disease. Mutations in the C9orf72,
MAPT, and GRN genes account for about 60% of all cases of inherited
early-onset frontotemporal lobar degeneration (Le Ber, 2013).

4. Therapeutic approaches for the treatment of dementia

Table 1 outlines the most common forms of dementia and the
standard therapeutic approaches for their treatment, which are pri-
marily pharmacological and usually prescribed after the disease has
progressed to a moderate clinical severity (Jeschke et al., 2011). All
pharmacological treatments are symptomatic with modest effects on
measures of cognitive function, and no pharmaceutical intervention
influences progression of dementia. These treatments were developed
for LOAD and include acetylcholinesterase inhibitors and N-methyl-p-
aspartate (NMDA) receptor antagonists (Agatonovic-Kustrin et al.,
2018). Acetylcholinesterase inhibitors counteract the low levels of the
neurotransmitter acetylcholine (ACh) that contribute to memory im-
pairment in dementia.
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Fig. 2. The spectrum of dementia including the key markers for disease diagnosis as determined from imaging technology. MRI = magnetic resonance imaging;
PET = positron emission tomography; FDG-PET = fluorodeoxyglucose positron emission tomography. Reproduced with permission from Wolters Kluwer Health, Inc.
and Ronald C. Petersen, M.D., PhD from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5390929/figure/F4/. Magnetic Resonance Imaging: MRI;
Fluorodeoxyglucose-positron emission tomography: FDG-PET; Positron emission tomography: PET.

The amyloid cascade hypothesis is at the forefront of research into
new therapies for the treatment and prevention of AD (Gallardo and
Holtzman, 2017; Hardy, 2006). This hypothesis proposes that ag-
gregation of amyloid plaques and tau tangles is the main mechanism
leading to neuronal death (Gomperts et al., 2008; Querfurth and
LaFerla, 2010). There has been success with targeting amyloid using
antibodies, vaccines and medications in animal models of dementia and
AD (Sevigny et al., 2016), but this has not yet been translated into any
successful phase III clinical trials in established dementia in humans (Le
Couteur et al., 2016). Amyloid accumulation predates the onset of
symptoms by decades, therefore there is continued hope that treatments

that target amyloid may prevent AD if commenced early enough (Asih
et al., 2014).

However, the failure of anti-amyloid therapies has led to re-
consideration of other mechanisms for AD that might generate new
therapeutic approaches or opportunities. Dementia may be the con-
sequence of genetic and lifestyle risk factors impacting on the brain
over the entire lifespan and the pathogenesis of dementia is likely to be
multifactorial, requiring multifaceted therapies (Canter et al., 2016).
Old age is the greatest risk factor for the development of dementia,
while the deposition of amyloid and tau may be part of normal aging
even in the absence of cognitive impairment. Post-mortem studies from


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5390929/figure/F4/

D. Wahl, et al.

4

cognitive stimulation
social interaction
learning new skills

7% =

exercise/physical activity

(=
> — @ Midlife cardiometabolic health

RAPA/MET/RSV

Neurobiology of Disease 130 (2019) 104481

DS s/

CR/IF/ADF

education

/_

no smoking

? A
Mediterranean;

Okinawan;
FINGER Diets

Reduce hallmarks of brain aging and
decrease incidence of dementia

Fig. 3. Lifestyle factors, dietary intake, and pharmaceuticals that are associated with improved midlife cardiometabolic health. There is a strong link between midlife
cardiometabolic health and dementia in later life. Applying lifestyle changes in midlife can reduce the incidence and burden of dementia in later life. Rapamycin:
RAPA; Resveratrol: RSV; Metformin: MET; Caloric restriction: CR; Intermittent fasting: IF; Alternative day fasting: ADF.

several large cohorts (Savva et al., 2009) have revealed similar degrees
of Alzheimer's neuropathology in cognitively normal older people
compared to older people with dementia diagnoses. On one hand, these
results might suggest that some people have a biological resilience to
the neurotoxic effects of plaques and tangles, while on the other hand
the results may also indicate that plaques and tangles are not solely
responsible for AD (Ganz et al., 2018; Mufson et al., 2016). Therefore, a
multidimensional approach for dementia has been proposed including
lifestyle factors and pharmaceutical agents (Vina and Sanz-Ros, 2018).
Interventions that influence the aging process may prove to be a useful
part of this therapeutic armamentarium.

5. Modifiable risk factors and dementia

There is a strong association between midlife cardiometabolic
health and the risk for dementia (Fig. 3). Regardless of the subtype of
dementia, they share several risk factors which include obesity, meta-
bolic syndrome and diabetes, heart disease and related conditions,
smoking, and lack of cognitive interaction or brain stimulation
(Topiwala et al., 2018) (Table 1). These type of risk factors suggest that
there is an important potential role for lifestyle interventions in redu-
cing the risk of dementia. Many of the lifestyle interventions that im-
prove cardiometabolic health have also been shown to reduce the risk
for dementia (at least in animal models) such as reduced calorie or
protein intake and physical activity.

5.1. High saturated fat diet

It is well established that a mid-life atherogenic diet negatively af-
fects cardiometabolic health and contributes to the development of
neurodegenerative disease. A high fat diet (HFD) leads to insulin re-
sistance, hypertension, inflammation, and vascular alterations
(Freeman et al., 2014), all of which may contribute to dementia. Ad-
ditional detrimental effects of a saturated high-fat diet include loss of
blood supply to the brain which can contribute to the loss of white
matter and adverse cognitive effects (Anjum et al., 2018). A chronic
HFD causes increased microglial activation, increased hippocampus
amyloid burden, and reduced memory performance in triple-transgenic
mouse models of AD (Barron et al., 2013; Knight et al., 2014). Reversal
of a high-fat diet in mice led to a complete amelioration of memory loss,
which was partly associated with rescue of cerebral blood flow

(Johnson et al., 2016).

The negative effects of a high-fat diet have been documented in
humans (Spencer et al., 2017). In middle-aged adults, high saturated fat
consumption is associated with poorer memory (Oleson et al., 2017)
and may contribute to a reduction in total hippocampus volume (Mestre
et al., 2017). A number of studies have demonstrated that both humans
and animals consuming a diet high in fat and/or sugar consistently
performed worse on memory tasks; the decline in memory function was
secondary to atrophy and reduced functioning of the medial temporal
lobes and hippocampi (Yeomans, 2017). High-fat diets compromise the
hippocampus by sensitizing the immune cells (most likely microglia)
thus priming inflammatory responses to subsequent challenging sti-
muli. Moreover, high saturated fat diets have been linked to elevated
pro-inflammatory cytokines (Giugliano et al., 2006) which in the hip-
pocampus can lead to deterioration of many mechanisms that enable
synaptic plasticity and in turn long-term memory. A recent meta-ana-
lysis reported that intentional weight loss in people with obesity was
sufficient to reverse cognitive decline, improve executive function, and
heighten memory performance (Siervo et al., 2011).

5.2. Sedentary lifestyle

Sedentary lifestyles are becoming an intrinsic part of modern so-
ciety, encouraged by technological advances. Older people may be
particularly prone to the negative effects of a sedentary lifestyle (Bailey,
2017). It is well established that sedentary lifestyles contribute to
chronic illnesses (Byrne et al., 2018) including obesity, diabetes mel-
litus, non-alcoholic fatty liver disease (NAFLD) and cardiovascular
disease (Al-Dayyat et al., 2018). There is emerging evidence that a se-
dentary lifestyle has adverse effects on the brain. In a recent study,
sedentary behaviour was associated with reduced medial temporal lobe
thickness in adults which may coincide with reduced memory function
during aging (Siddarth et al., 2018). Another study suggested that MCI
and subsequent dementia risk are closely associated with sedentary
behaviour while exercise reduced the associated risk of MCI and de-
mentia (Falck et al., 2017).

5.3. Lack of social interaction

Social interaction, especially later in life, is important for brain
health during aging. An active and socially integrated lifestyle may
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protect against dementia (Fratiglioni et al., 2004). Cardiometabolic
studies have indicated that remaining socially active has positive effects
on reducing stress and improving cardiovascular health in later years,
and therefore may provide a mechanism for the effectiveness of cog-
nitive stimulation on delaying the risk for dementia (Fratiglioni et al.,
2004). Several longitudinal studies have demonstrated that rich social
networks, learning novel activities, and increased information proces-
sing (i.e. learning new skills: musical instrument, playing board games,
learning a new dance) to which one is not typically accustomed, results
in a lower probability of cognitive decline in later life (Hultsch et al.,
1999). Measures of cognitive activity, self-improvement, and domestic
activity in middle to later life are also inversely correlated with a risk of
dementia (Crowe et al., 2003).

Studies in rodents have demonstrated that enriched environment
(EE) housing reduces dementia-related neuropathology. When rodents
are housed in an EE they are provided with stimulating objects, more
space to move about and to sleep, and 5-6 interacting cage mates. It
was recently demonstrated that EE housing conditions reduced astro-
glial degeneration in a mouse model of LOAD (Rodriguez et al., 2013).
Exposure to EE reduced the severity of pathology in a mouse model of
Alzheimer's, provided long-term protection against cognitive impair-
ment (Verret et al., 2013), and protected against amyloid pathologies
and memory deficits in a HFD mouse model (Maesako et al., 2012).
Similar results have pointed towards improved memory scores in hu-
mans with more social interaction and who remain energetic at home
with cognitive and physical training (Hultsch et al., 1999). Interest-
ingly, there is a strong link between early-life education and the risk of
dementia, suggesting that people with fewer years of educational
schooling may be at a higher risk of dementia (Sharp and Gatz, 2011).

5.4. Insulin resistance

Data from epidemiological studies suggest that obesity, insulin re-
sistance and type 2 diabetes at midlife are key risk factors in the pa-
thogenesis of cognitive impairment and AD (Tolppanen et al., 2014).
Peripheral insulin resistance and associated compensatory hyper-
insulinemia seem to play a central role in the progression of AD even in
the absence of elevated plasma glucose levels. In the Rotterdam study,
insulin resistance and elevated baseline insulin levels were associated
with a 40% greater risk of conversion to AD over a 3-yr period
(Schrijvers et al., 2010) Both excessive adiposity and insulin resistance
are associated with systemic inflammation and amyloid deposition in
the human brain (Fishel et al., 2005). Peripheral insulin resistance is
associated with impaired glucose uptake in the precuneus and pre-
frontal cortex (Baker et al., 2011) and abnormal brain insulin binding.
Brain insulin resistance has recently been shown to occur in AD even in
the absence of peripheral insulin resistance (Talbot et al., 2012) while
AD-related pathology typically occurs in brain regions with a high
density of insulin receptors, such as the hippocampus, the prefrontal
cortex, the cingulate cortices, and the precuneus (Craft and Watson,
2004; Henneberg and Hoyer, 1995; Zhao et al., 2004). Interestingly, in
nonhuman and human primates (Blalock et al., 2010; Garcia-Casares
et al., 2014; Raji et al., 2010; Rasgon et al., 2011; Willette et al., 2012)
peripheral insulin resistance predicts neural atrophy in these regions. In
summary, insulin resistance affects multiple neurodegenerative pro-
cesses that are deeply implicated in AD etiopathogenesis.

5.5. Smoking

Chronic tobacco smoking has many adverse health outcomes in-
cluding diabetes, cardiovascular disease, cancers, lung disease and de-
mentia (Topiwala et al., 2018). Smoking is a major risk factor for cer-
ebrovascular disease which is a major risk factor for dementia (Vijayan
and Reddy, 2016). Smoking results in increased cerebral amyloid
burden, oxidative stress, and thinning of brain cortical tissue, leading to
irreversible memory loss in humans (Durazzo et al., 2014; Karama
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et al., 2015).
5.6. Dietary protein and branched chained amino acids

In mice, ad-libitum low-protein, high-carbohydrate (LPHC) diets
promote cardiometabolic health and longevity (Solon-Biet et al., 2014;
Solon-Biet et al., 2015a). Conversely, high-protein, low-carbohydrate
diets adversely affected cardiometabolic health parameters. Similar
results have been reported in observational studies in humans. It was
hypothesised that this may have partly been due to dietary protein
particularly branched-chain amino acids (BCAAs) increasing activation
of hepatic mechanistic target of rapamycin (MTOR) (Solon-Biet et al.,
2015b). A recent study demonstrated that long term consumption of
diets high in BCAAs led to hyperphagia and reduced lifespan in male
and female mice, which was associated with reduced tryptophan uptake
and serotonin synthesis in the brain (Solon-Biet et al., 2019).

The effects of ad-libitum LPHC diets and caloric restriction on hip-
pocampus biology has been reported in mice. LPHC diets conferred
positive effects on hippocampus health in male and female mice in-
cluding increased dendritic spine density in the dentate gyrus, reduced
markers of neuroinflammation, increased expression of pro-longevity
genes, and improved markers of cognition (Wahl et al., 2018b). In-
creased dietary BCAAs resulted in a microglia mediated pro-in-
flammatory cytokine response resulting in neurotoxicity (De Simone
et al.,, 2013) and high protein diets worsened spatial memory in rats
(Mendez-Lopez et al., 2015). Another study demonstrated that mice
consuming a high-protein diet had lower brain weights and hippo-
campus neuronal density than their counterparts consuming a standard
diet (Pedrini et al., 2009).

The link between a high protein diet and cardiovascular health in
humans has been examined with results indicating that increased pro-
tein intake is correlated with an increased risk of heart failure and type-
2 diabetes (Virtanen et al., 2018). This finding may provide a clue into
potential adverse effects of a chronic high protein diet on brain aging.
In humans there is limited evidence to suggest that high protein diets
negatively affect brain health during aging with one study suggesting
that humans consuming a high-protein diet (esp. from animal sources)
had a higher risk of MCI (Ding et al., 2018). The source of protein plays
an important role in the association between protein intake and cog-
nition. A recent study found that diets high in legumes and/or plant
protein sources were associated with improved cognitive performance
as opposed to red meat consumption (Mazza et al., 2017). The me-
chanisms by which plant protein may confer cognitive benefits are still
under investigation. However other studies have reported that high
protein and fiber diets may be protective against dementia in humans,
partly by reducing plasma and brain Af levels (Fernando et al., 2018).

5.7. Excessive alcohol consumption

A recent study highlighted the risk for excessive alcohol consump-
tion (> 100 g/week) on cardiometabolic health by showing a positive
linear correlation with alcohol consumption and all-cause mortality
(Wood et al., 2018). The effects of excessive alcohol consumption on
the brain is thought to be detrimental, in part due to increased in-
flammation (Flores-Bastias and Karahanian, 2018). A recent review
pointed to excessive alcohol consumption as one of the main con-
tributors — up to 24% — of cases of dementia. Excessive alcohol con-
sumption is linked to loss of brain tissue (Harper, 1998) and might also
affect cognition via cerebrovascular disease related to alcohol-related
increases in triglycerides and blood pressure (Gupta and Warner, 2018).

6. Current therapeutic opportunities
There is evidence that lifestyle factors in middle age can influence

the development of dementia in later life. Several lifestyle factors, in-
cluding exercise, cognitive stimulation, and diet are associated with
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aging, age-related health and brain aging (Wahl et al., 2017). There is
now interventional evidence that these types of approaches are effec-
tive in non-human primates and humans (Fontana, 2018; Most et al.,
2017). There are other lifestyle interventions that have mostly been
studied in relationship to aging, rather than age-related diseases. In
particular, these include various types of restricted diets which have
been shown to improve health, and there is some evidence they might
reduce the risk for dementia as well.

6.1. Restricted diets

One of the most robust nutritional interventions that improves
cardiometabolic health and delays aging is caloric restriction (Fontana,
2018; Fontana and Partridge, 2015; Most et al., 2017), which can be
accomplished by reducing daily caloric intake, intermittent fasting, or
alternative day fasting. Calorie restriction is defined as a total reduction
of daily caloric intake by 10% - 50% without malnutrition and with
inclusion of all essential dietary vitamins and minerals (Mitchell et al.,
2016). Alternatively, dietary restriction can be provided in the form of
intermittent fasting or alternative day fasting, whereby an animal is
given full access to food for a short period of time but with long fasting
periods in between. These periods can range from 8h (intermittent
fasting) to 24 h (alternative day fasting) (Mattson et al., 2017).

These nutritional interventions delay the onset of neurodegenera-
tion in rodents. On an evolutionary scale, it has been suggested that a
brain functions at best when moderately challenged with a reduction in
food intake so that an animal must ‘outwit’ competitors in order to eat
(Mattson et al., 2003). In addition to reducing stress insults and im-
proving neuronal plasticity, there is evidence that restricting caloric
intake prevents most of the major hallmarks of brain aging (Table 2) in
non-human primates and humans (Pani, 2015). Moreover, dietary re-
striction reduces the accumulation of 3-amyloid and vy-secretase in mice
(Schafer et al., 2015), reduces age-related behaviour deficits in a triple-
transgenic model of AD and protects against tau-related pathologies
(Halagappa et al., 2007). Caloric restriction may be an effective treat-
ment to reduce dementia pathologies in non-human primates where is
reduces amyloid pathologies in the temporal cortex (Qin et al., 2006)
and prevents astrogliosis and brain inflammation (Sridharan et al.,
2013).

Data from randomized clinical trials in humans show that caloric
restriction without malnutrition has a profound effect in improving
insulin sensitivity, reducing inflammation and oxidative stress. Results
from the multicenter CALERIE (Comprehensive Assessment of Long-
term Effects of Reducing Intake of Energy) trial show that caloric re-
striction is a feasible and effective intervention. Over two years, par-
ticipants in the caloric restricted group achieved 11.7% CR and a sus-
tained 10% weight loss, of which 71% was fat mass loss. Caloric
restriction induced major improvements in insulin sensitivity, as re-
flected in significantly lower HOMA-IR, HOMA-f, insulin response and
increased insulin sensitivity index, fasting and AUC-insulin, C-reactive
protein, TNFa, F2-isoprostanes, LDL-cholesterol, total cholesterol to
HDL-cholesterol ratio, systolic and diastolic blood pressure, which are
all factors implicated in the pathogenesis of AD (Il'yasova et al., 2018;
Weiss et al., 2006).

The effects of other types of restricted diets on brain pathology have
been studied in several animal models. Intermittent fasting prevented
cognitive deficits in a transgenic model of AD in mice (Halagappa et al.,
2007). Multiple mechanisms by which intermittent fasting protects
brains cells have been proposed including increased production of
neurotrophic factors (e.g. BDNF and FGF2), protein chaperones (e.g.,
HSP70 and GRP78) and antioxidant enzymes (e.g. heme oxygenase 1)
and suppression of neuro-inflammation (Arumugam et al., 2010; Yu
and Mattson, 1999). Recent findings from other animal studies also
suggest that alternate day fasting can have similar beneficial effects to
caloric restriction, even with relatively modest 10-25% reductions in
overall calorie intake (Anson et al., 2003; Wan et al., 2003; Wan et al.,
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2004).

In addition to reducing overall caloric intake, restricting dietary
protein has also shown promise for improving metabolic health and
protect the brain during aging. In humans, protein restriction has been
associated with improved metabolic health, increased insulin sensitivity
and reduced morbidity (Mirzaei et al., 2014). In a mouse model of AD,
protein restriction cycles reduced phosphorylated tau and improved
behavioural performance (Parrella et al., 2013). There are as yet no
studies of protein restriction and dementia in humans.

The restriction of certain amino acids including methionine
(Herring et al.) and tryptophan (Trp) improves healthspan and lifespan,
and therefore may improve brain health. Met restriction improves
lifespan by suppressing the MTOR-nutrient sensing pathway, promoting
stress resistance and reducing inflammation. Met restriction also im-
proves insulin sensitivity and mitochondrial function (Ables and
Johnson, 2017). Trp restriction is beneficial in modulating thermo-
genesis and reducing body weight in obese rats (Zapata et al., 2018).
These positive effects of specific amino acid restriction on metabolic
health warrant further investigation.

7. Dietary patterns

Dietary patterns characterised by high vegetable, legumes, mini-
mally processed whole grains, fruit, fish and unsaturated fat combined
with limited meat and saturated fatty acids intakes such as the
Mediterranean diet (Bloomfield et al., 2016; Castellani et al., 2010;
Cooper et al., 2015; Etgen et al., 2011; Frisardi et al., 2010; Knight
et al.,, 2016; Lourida et al., 2013; Morris, 2016; Petersson and
Philippou, 2016; Solfrizzi et al., 2011; Tosti et al., 2018; van de Rest
et al., 2015), traditional Japanese diet (Kiyohara, 2014; Tomata et al.,
2016), and FINGER diet (Ngandu et al., 2015) have been shown to
improve health and may lower the incidence of dementia. A number of
mechanisms have been proposed mostly via vascular, antioxidant, and
anti-inflammatory pathways (Feart et al., 2013).

7.1. Mediterranean diet

Characterised by high monounsaturated fat, vegetables and fruit
and limited animal protein, the Mediterranean dietary pattern has been
liked to positive health outcomes such as reduction in cardiometabolic
disease (Dai et al., 2008) and improved cognitive health. The high fiber,
antioxidant and monounsaturated fat content of this type of dietary
pattern has been linked to reduction in inflammation (Chrysohoou
et al., 2004). Numerous studies have shown that strict and long-term
adherence to the Mediterranean diet protects against cognitive decline
and dementia in older humans (Anastasiou et al., 2017; Solfrizzi et al.,
2017; Tanaka et al., 2018).

7.2. FINGER diet

The FINGER nutritional study is one of the largest and longest po-
pulation-based multidomain randomized controlled trials to investigate
the effects of several lifestyle factors on health and the brain.
Participants in the intervention group were provided with tailored diets
with high consumption of fruit, vegetables, fish, wholegrain cereals and
reduced intake of simple sugars. Positive effects were seen on overall
cognition, executive functioning and processing speed (Ngandu et al.,
2015).

7.3. Japanese diet

The traditional Japanese diet contains high amounts of vegetables,
fruit, legumes, omega-3 fatty acids and low amounts of meat and dairy
products, and has been linked with lower incidence of dementia
(Tomata et al., 2016). The Japanese diet is high antioxidants such as
green tea and seaweed, which play a protective role against
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cardiovascular disease and cognitive decline (Grant, 2014). Interest-
ingly, recent changes to the Japanese diet towards a more Western diet
(animal-based protein, saturated fat, cholesterol and alcohol) has par-
tially contributed to an increase in obesity and dementia rates (Grant,
2014).

7.4. Ketogenic diet

A ketogenic diet, which is high in fat and low in carbohydrate and
protein, has improved some aspects of cardiometabolic health.
Ketogenic diet reduces obesity and diabetes and may reduce the onset
of neurodegenerative disease by decreasing oxidative damage and
metabolic stress (Paoli et al., 2014). In mice, a ketogenic diet reduced
midlife mortality and improved memory (Newman et al., 2017), res-
cued hippocampal deficits and increased neurogenesis in a mouse
model of Kabuki syndrome (model of intellectual disability) (Benjamin
et al., 2017). Additional studies have suggested that a diet supple-
mented with ketone bodies in middle-age may delay the onset of neu-
rodegenerative disease (Hertz et al., 2015).

8. Exercise and physical activity

Exercise and physical activity are robust, non-pharmacological in-
terventions that improve cardiometabolic health, increase longevity,
and reduce most hallmarks of brain aging (DiMenna and Arad, 2018;
van Praag et al., 2014). Many studies have investigated the effects of
physical activity in rodents, but there is now emerging evidence that
physical exercise can reduce the burden of neurodegenerative disease in
non-human primates and humans. In addition to reducing most hall-
marks of brain aging (Table 2), it has been shown that running reduced
amyloid plaques, inflammation and oxidative stress in TgCRNDS8 (a
model of late-onset Alzheimer's) mice (Herring et al., 2016). Physical
exercise improved memory by increasing hippocampal neurogenesis
and preventing AP-related cognitive deficits in a mouse model of Alz-
heimer's disease (Sun et al., 2018).

Many studies have demonstrated the beneficial effects of exercise
and physical activity in humans. Physical (particularly aerobic) exercise
interventions are associated with improved memory performance and
executive function in humans with neurodegenerative disease (Guitar
et al., 2018). Physical exercise in patients with mild Alzheimer's disease
resulted in an improvement in VO, max and those changes were asso-
ciated with an improvement in cognitive function (Sobol et al., 2018).
Another intervention study showed that 6-months of physical activity
(150 min of moderate intensity per week) mildly improved memory
scores of participants over the age of 50 years, who had previously
reported memory problems (Lautenschlager et al., 2008). Additional
studies revealed that physical aerobic exercise benefits global cognitive
function in older individuals with MCI and may therefore be protective
against dementia (Song et al., 2018).

9. Nutrient sensing metabolic pathways

Diet influences aging via a group of cellular pathways called nu-
trient sensing pathways, and altered signalling in the nutrient sensing
metabolic pathways influences cardiometabolic health and aging
(Zemke et al., 2007). There are several compounds that act on these
nutrient sensing pathways and improve health. These include rapa-
mycin, metformin, and resveratrol. There is some evidence that these
compounds may possibly reduce the risk for dementia. Most of these
studies have been investigated in rodents; however, there are now some
data in non-human primates and humans (Table 2).

9.1. Rapamycin

Rapamycin inhibits MTOR activity and extends lifespan in male and
female mice (Ehninger et al., 2014). In addition to improving
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cardiometabolic health (Sabatini, 2017), RAPA supplementation may
also be effective in attenuating most hallmarks of dementia. MTOR
regulates many cell processes, such as autophagy and neuronal pro-
liferation that are involved in dementia (Maiese, 2018). RAPA supple-
mentation reduces specific molecular hallmarks of dementia in most
rodent models. For example, RAPA reduced demyelination and tau
aggregates in OXYS (an accelerated model of aging) rats (Kolosova
et al., 2013). RAPA improved memory performance in mouse models of
AD, reduced amyloid plaque loads and restored cerebral blood flow
(Richardson et al., 2015). These positive results in rodents warrant
translational studies in humans.

9.2. Metformin

Metformin is an agonist of AMPK and is widely prescribed for the
management of type-2 diabetes. Metformin has a wide range of effects
on aging, including reduction in the rates of cancers, inflammation, and
increased lifespan (Novelle et al., 2016). There have been several stu-
dies in rodents that demonstrate that metformin improves cardiome-
tabolic health and increases lifespan. Intermittent metformin supple-
mentation reduced body weight and improved markers of
cardiometabolic health in mice, without impacting food consumption
(Alfaras et al., 2017). Prolonged metformin supplementation improved
healthspan and lifespan in mice by increasing antioxidant protection
and AMPK activity (Martin-Montalvo et al., 2013). In terms of the
brain, metformin improved spatial memory performance and reduced
neuron loss and amyloid plaque load in APP/PS1 mice (Ou et al., 2018)
and improved markers of hippocampal neurogenesis, even when com-
pared to mice treated only with the cholinesterase inhibitor, donepezil
(Ahmed et al., 2017). Metformin protected brains from the detrimental
effects of an HFD in rats by reducing amyloid plaque load (Asadbegi
et al., 2016).

In humans metformin coupled with donepezil improved memory
and cognitive function in patients with vascular cognitive impairment
(Lin et al., 2018) and improved memory performance in older adults
with MCI (Luchsinger et al., 2016). Another human study revealed that
metformin supplementation for > 6 years was associated with a lower
risk of cognitive decline and the authors partially attributed these
findings to improved insulin sensitivity (Ng et al., 2014).

9.3. Resveratrol

Resveratrol (RSV) is a naturally occurring polyphenol compound
that is commonly found in red wines and the skin of berries. RSV al-
losterically activates the enzyme Sirtuin 1 (SIRT1) which is a key nu-
trient sensing pathway. It is one of the most widely studied compounds
in aging research. RSV improves cardiometabolic health and promotes
longevity in organisms ranging from yeast to humans (Novelle et al.,
2015; Wahl et al., 2018a). RSV led to improved cognitive function,
increased synaptic plasticity and reduced brain inflammation (Cao
et al., 2018). RSV reduces fibrillary amyloid deposition (Ge et al.,
2012), clears AP peptides, and reduces the burden of plaques and
tangles in rodents (Jia et al., 2017). RSV supplementation may also
reduce oxidative stress, improve neuronal energy homeostasis and
promote neuronal autophagy (Bastianetto et al., 2015).

In humans, RSV is well tolerated, and possibly influences AD bio-
marker trajectories (Sawda et al., 2017). A number of small human
studies in humans have indicated that RSV supplementation might
improve cerebrovascular function, cognition, and reduces the risk of
developing dementia (Evans et al., 2016) while others have reported no
effects (Huhn et al., 2018). Additional studies in humans have indicated
that RSV reduces markers of neuroinflammation, improves immunity,
and reduces the burden of neurodegenerative disease (Moussa et al.,
2017). However, overall the evidence for the effects of resveratrol in
humans is weak, with several clinical trials showing the RSV supple-
mentation does not substantially change insulin sensitivity, blood
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lipids, inflammation or gene expression (Pediatria et al., 2018;
Haghighatdoost and Hariri, 2018).

10. Anti-hypertensive therapy

Medications prescribed for hypertension may reduce the risk of
dementia in people with hypertension (Petek et al., 2018). Aberrant
activity of the renin-angiotensin system may play an important role in
dementia due to its role in the regulation of blood pressure (Kehoe,
2018). It has been concluded that the use of antihypertensive drugs is
associated with a reduced risk of dementia (Xu et al., 2017), while a
meta-analysis showed that diuretic antihypertensive medications were
associated with a reduction in dementia risk (Tully et al., 2016).

11. Conclusions

Numerous clinical trials targeting amyloid and tau to treat and
prevent AD have to date been negative and have led to pessimism about
the possibilities of preventing dementia. On the other, there is evidence
that lifestyle factors that impact on cardiometabolic health and insulin
resistance also influence brain health and the risk of dementia.
Emerging evidence suggests that drugs such as RAPA, metformin, and
RSV which improve health may also have a positive effect on reducing
hallmarks of dementia. Aging is the greatest risk factor for dementia,
and therefore, slowing the aging process may be an effective way to
reduce the burden of neurodegenerative disease. Such multifaceted
approaches that target lifestyle and aging show therapeutic promise for
improving brain health in old age and potentially delaying dementia.
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