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Abstract

Improved life expectancy worldwide has resulted in a significant increase
in age-related diseases. Dementia is one of the fastest growing age-related
diseases, with 75 million adults globally projected to develop the condition
by 2030. Alzheimer’s disease (AD) is the most common form of dementia
and represents the most significant stage of cognitive decline.With no cure
identified to date for AD, focus is being placed on preventative strategies
to slow progression, minimize the burden of neurological disease, and pro-
mote healthy aging. Accumulating evidence suggests that nutrition (e.g., via
fruit, vegetables, fish) is important for optimizing cognition and reducing
risk of AD. This review examines the role of nutrition on cognition and AD,
with specific emphasis on theMediterranean diet (MeDi) and key nutritional
components of the MeDi, namely xanthophyll carotenoids and omega-3
fatty acids. Given their selective presence in the brain and their ability to
attenuate proposed mechanisms involved in AD pathogenesis (namely ox-
idative damage and inflammation), these nutritional compounds offer po-
tential for optimizing cognition and reducing the risk of AD.
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INTRODUCTION

The Aging Population

By 2020, the world will reach a demographic milestone, with the number of people aged≥65 years
exceeding the number of children aged <5 years for the first time since record-keeping began. By
2030, it is estimated that the world’s older population (≥65 years) will reach 1 billion, equating
to 12% of the total global population; by 2050, it is estimated that they will represent 16.7% (or
1.6 billion) of the total global population (He et al. 2016).This aging trend is predicted to continue
and is driven largely by increases in life expectancy resulting from, in part, improvements in so-
cioeconomic status, greater access to healthcare, and advances in technology. Although increases
in life expectancy are one of humanities greatest achievements, the growing and aging popula-
tion presents significant social and economic challenges. Of particular concern is the increasing
prevalence of age-related diseases (e.g., cardiovascular disease, macular degeneration, and demen-
tia) (US Natl. Inst. Aging World Health Organ. 2011) in parallel with the growing population
and increases in life expectancy (see Figure 1). For this reason, emphasis is now being placed on
strategies to promote healthy aging, with the aim of minimizing the burden of disability and dis-
ease in later life and maximizing the quality of life for individuals in their later years. Discussion
in this review focuses on the role of nutrition with respect to the aging process, cognition, and
Alzheimer’s disease (AD).

The Aging Process

In order to devise strategies for successful aging, it is important to understand the biology of aging,
the mechanisms that contribute to the aging process, and the link between aging and disease. Ag-
ing is a highly complex and multifactorial pathophysiological process that occurs gradually over
time and causes structural and functional alterations within an organism (Kowald & Kirkwood
1996). Aging is caused by a gradual and lifelong accumulation of cellular and molecular damage.
Throughout our lives, many of the cells in our body can degenerate and replicate themselves be-
tween 50 and 70 times (depending on the cell type and the amount of damage it encounters).
Once a cell reaches its limit (known as the Hayflick limit) (Hayflick 1998), it is unable to con-
tinue replication and enters apoptosis (programmed cellular death). As more and more cells reach
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Historical trends and future projections for worldwide life expectancy, population growth, and dementia.
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their limit, declines in physical and mental capacity appear (Farley et al. 2011). Unlike the cells in
our body, most of the cells (i.e., neurons and glial cells) in our brain cannot divide and therefore
cannot replace themselves. Thus, neurons and glial cells are more susceptible to structural and/or
functional loss. Of note, neuronal loss is not uniform across the brain and neurons in the entorhi-
nal cortex, hippocampus, and amygdala are particularly susceptible to cellular damage. Although
aging is not synonymous with disease, the deterioration in cellular function increases the risk of
disease and disability as the cellular response in both the body and the brain becomes less efficient.

There are many biological mechanisms that underlie the aging process. Understanding these
mechanisms is challenging, as they are influenced by many internal and external factors such as
genetics, life events in childhood (e.g., interactions with peers) and adulthood (e.g., new career, par-
enthood), occurrence of health conditions (e.g., cardiovascular disease), and lifestyle habits (e.g.,
smoking). In addition, the processes that contribute to aging are subject to the laws of change
and therefore vary greatly from molecule to molecule, cell to cell, and individual to individual.
The biological mechanisms that contribute to the aging process include (but are not limited to)
decreased proteostasis (i.e., biological pathways within cells that control the biogenesis, folding,
trafficking, and degradation of proteins), decreased neuroplasticity (the brain’s ability to compen-
sate for injury and disease and respond to changes in the environment), chronic inflammation,
neuroinflammation, oxidative damage [i.e., cumulative exposure to unstable molecules known as
reactive oxygen species (ROS), which results in tissue injury and damage to nucleic acids, lipids,
carbohydrates, and proteins], accumulation of mitochondrial DNA mutations (which impairs mi-
tochondrial function and leads to a shortage of energy supply), deregulation of neurosignals and
neurotransmitters (e.g., serotonin), and cardiometabolic risk factors such as metabolic syndrome
and its associated components (Miquel et al. 2018, Vauzour et al. 2017).

The Brain and the Aging Process

As cellular replication continues and individuals gradually age, the brain is subject to a number
of both structural and cognitive changes. One of the main structural changes includes a reduc-
tion in brain size (i.e., cerebral atrophy). In general, brain volume decreases by approximately
5% per decade after the age of 40 (Scahill et al. 2003). Importantly, changes in brain size are not
uniform across brain regions, as some regions (e.g., the prefrontal lobe, which is responsible for
decision making, and the hippocampus, which is involved in short- and long-term memory and
spatial memory) are affected more than others (e.g., the occipital lobe, which is important for vi-
sual function) (Peters 2006).Of interest, age-related decreases in the volume and integrity of white
matter (which primarily comprises myelinated axons and facilitates communication between brain
regions) are much greater than the decreases observed in gray matter (which consists of neuronal
cell bodies, glial cells, synapses, and capillaries and is necessary for muscle control and sensory per-
ception) (Salat et al. 1999). Aging also causes structural changes to neurons, including a decrease
in the number and length of dendrites, fewer axons, loss of dendritic spines, and a significant loss
of synapses (Pannese 2011).

Cognition and the Aging Process

Changes in cognition also occur as an individual ages. Cognition refers to the mental process of
acquiring information and understanding through thoughts, experiences, and the senses. Cogni-
tive abilities can be broadly classified into two groups: crystallized and fluid abilities. Crystallized
abilities refer to skills and memories that have been acquired over an individual’s lifetime, e.g.,
general knowledge and vocabulary. These abilities are known to improve throughout life until
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approximately 60 years when they plateau (Harada et al. 2013). Fluid abilities refer to the capac-
ity to process, manipulate, and transform information to complete a task at a point in time, e.g.,
problem-solving and reasoning. A general finding, albeit under test conditions, is that deteriora-
tions in these cognitive abilities can begin surprisingly early in life (during the twenties or thirties)
(Salthouse 2009). Indeed, the findings of a recent study involving >3,000 participants suggest that
decline begins as early as 24 years of age (Thompson et al. 2014). Cognition can also be divided
into specific domains such as memory, perception, language, decision-making, planning, and rea-
soning. Again, some cognitive domains such as speech, language, and procedural memory (e.g.,
remembering how to play the piano) remain stable as we age, whereas other domains such as
prospective memory (e.g., remembering to perform a specific action in the future) and executive
function (e.g.,multitasking or planning) decline with increasing age (Murman 2015).When initial
age-related changes occur, the brain is able to compensate (e.g., using additional brain regions and
neural circuitry for computational support), and this enables individuals to continue to function
normally. For example, it has been shown that older adults require more prefrontal circuitry than
younger adults when completing the same working memory task (i.e., short-term maintenance
and manipulation of information involving executive processes such as reasoning and decision-
making) (Reuter-Lorenz & Park 2014). However, as neuronal damage increases (due to internal
and external factors), the brain can no longer compensate for these changes and individuals be-
gin to show subtle cognitive decline (Raz 2009). This reduces the efficiency and effectiveness of
neurons to communicate with one another and leads to signs and symptoms of cognitive decline.
Therefore, it is unsurprising that structural and functional changes in the brain correlate with
cognitive performance. For example, Morrison & Baxter (2012) reported that a circa 50% loss of
a dendritic spine subtype in the dorsal lateral prefrontal cortex caused a loss of dynamic plasticity
important for working memory.

Neurodegeneration

Dementia is the umbrella term used to describe a collection of neurological disorders that cause
deterioration in cognition (e.g., memory, thinking, behavior, and the ability to perform every-
day tasks) beyond what is associated with normal aging. Dementia represents the most significant
stage of cognitive decline and is one of the fastest growing age-related diseases, with incidence
rates doubling every 6.3 years (on average) from 65 to 95 years of age. Globally, the number of
people with dementia is believed to be almost 50 million. Every 20 years this figure is expected
to almost double, reaching 75 million by 2030 and 131.5 million by 2050 (ADI 2018). AD is the
most common form of dementia (accounting for approximately 60%–70% of cases) followed by
vascular dementia, dementia with Lewy bodies, and frontotemporal dementia (Alzheimer’s Assoc.
2016). Mild cognitive impairment (MCI) is an intermediate stage between the normal changes in
cognition associated with aging and early dementia. Although MCI is a risk factor for AD, some
individuals with this condition do not progress (Petersen et al. 2009). Individuals with the condi-
tion exhibit a decline in their cognitive abilities; however, these changes are not significant enough
to impact their ability to function as normal and carry out everyday activities. AD is characterized
by extracellular amyloid plaques, which comprise amyloid-β (Aβ) as a result of sequential cleavage
of the amyloid precursor protein (APP).β-secretase 1 (BACE1) cleaves amyloid precursor protein
with further intramembrane cleavage performed by γ-secretase (presenilins 1 or 2, respectively),
thus resulting in Aβ peptides and neurofibrillary tangles (Vassar et al. 1999). Hyperphosphory-
lated tau proteins compose intracellular neurofibrillary tangles, which is another key part of AD
pathology. Clearance of APP is aided by α-secretase activity, which precludes the formation of Aβ
peptides (Lammich et al. 1999). Aβ-degrading enzymes such as neprylisin and insulin-degrading
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enzyme can help in the clearance of Aβ peptides, thus reducing the formation of amyloid plaques.
The associated costs of dementia worldwide include a mixture of indirect care (i.e., care given
by family members and friends), direct social care (i.e., formal care given outside of the medical
care system such as home care, transport, or nursing home services), and direct costs (i.e., medical
costs such as medication and hospital care) and are estimated to amount to $1 trillion in 2018.
This equates to approximately $43,680 per person annually and, worryingly, is expected to in-
crease to a staggering $2 trillion by the year 2030 (Wimo et al. 2017). To date, pharmacological
strategies for the treatment of dementia (in particular, AD) remain elusive and researchers con-
tinue to work toward a cure. Focus is also now being directed toward preventative strategies for
AD. Such strategies are essential to alleviate the individual, societal, and economic burdens of AD.

Nutrition and Neurodegeneration

Emerging evidence suggests that healthy lifestyles throughout life may reduce the risk, or delay
the onset, of cognitive decline in later life. It has been reported that a modest one-year delay
in AD onset through some form of lifestyle intervention would result in 9.2 million fewer peo-
ple worldwide with AD by 2050 (Brookmeyer et al. 2007). Indeed, it has been suggested that a
third of AD cases could be averted by modification of lifestyle (Barnes & Yaffe 2011). Recently,
it has been suggested that approximately 35% of dementia cases are attributable to a combina-
tion of nine risk factors (Livingston et al. 2017). These include early childhood education (up to
12 years), mid-life hypertension,mid-life obesity, hearing loss, late-life depression, diabetes, phys-
ical inactivity, smoking, and social isolation. Of interest, educational attainment is strongly corre-
lated with socioeconomic status, which in turn is associated with better health outcomes [e.g., via
more physical activity (Talaei et al. 2013) and healthier diets (Nolan et al. 2012)]. Specifically, there
is a growing body of evidence to suggest that good nutrition is important for optimal cognition
(Valls-Pedret et al. 2015) and maintenance of cognition (Pelletier et al. 2015) and is also associated
with reduced risk of AD in later life (Otaegui-Arrazola et al. 2014). Here we present and discuss
the role of nutrition for cognition and AD, with an emphasis on dietary patterns (MeDi) and key
nutritional components of the MeDi, namely xanthophyll carotenoids and omega-3 fatty acids
(ω-3 FAs).

DIETARY PATTERNS

Examining the role of nutrition as a whole (i.e., in the form of dietary patterns) is valuable, as it
reflects our daily eating behaviors and patterns. Several studies have examined the role of adher-
ence to dietary patterns in slowing down age-related cognitive decline and reducing the risk of
AD. Here, we focus on the MeDi, as it is one of the most widely studied dietary patterns.

Mediterranean Diet

The MeDi is characterized by a high intake of plant food (vegetables, legumes, fruits, cereals), a
high intake of olive oil [as the major source of monounsaturated fatty acids (MUFAs)], a moderate
intake of fish [as a source of polyunsaturated fatty acids (PUFAs)], a low to moderate intake of
dairy products (mostly in the form of cheese and yogurts), a low to moderate consumption of
alcohol (mostly wine and generally with meals), and a low consumption of saturated fats, meat,
and poultry. Adherence to the MeDi is typically determined using a composite score of foods and
nutrients. Generally, a high score is given for healthy items (e.g., olive oil) and a low score is given
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for unhealthy items (e.g., meat). Overall, a higher score is indicative of better adherence to the
MeDi.

Mediterranean diet: observational and interventional evidence.There is a general consen-
sus that greater adherence to the MeDi is associated with better cognitive performance, slower
rates of cognitive decline (Lourida et al. 2013), a reduced risk of developing MCI (Roberts et al.
2010) and AD (Aridi et al. 2017), and a reduced risk of progressing from MCI to AD (Singh et al.
2014). A recent systematic review examined 47 observational (cross-sectional and longitudinal
population-based) studies and concluded that adherence to dietary patterns such as the MeDi is
associated with slower rates of cognitive decline and significant reductions in AD rates (Solfrizzi
et al. 2017). A recent meta-analysis of longitudinal studies (Loughrey et al. 2017) also reported sig-
nificant associations between MeDi adherence and both episodic memory and global cognition in
healthy older adults. However, some studies have found no association between MeDi adherence
and cognitive function or a reduction in the rate of cognitive decline (Cherbuin & Anstey 2012,
Kesse-Guyot et al. 2013). Of interest, a study by Knight et al. (2016) concluded that positive rela-
tionships between MeDi adherence and cognitive outcomes were more consistent among studies
that examined pathological brain aging (e.g., conversion from MCI to AD), suggesting that the
MeDi may be more beneficial in the prodromal stage (i.e., a timeframe before the clinical mani-
festation of neurodegenerative disease).Of note, there appears to be a trend toward poorer dietary
patterns among cognitively impaired versus healthy individuals (Gardener et al. 2012).

MeDi interventional studies in comparison to low-fat diets have shown to improve cognition
among healthy middle-to-older-aged adults (Valls-Pedret et al. 2015). Specifically, Loughrey et al.
(2017) found improved performance in delayed recall (i.e., the ability to remember something after
a period of rest or distraction), working memory, and global cognition among healthy individuals
receiving a MeDi intervention in comparison to controls. To date, the impact of a MeDi interven-
tion on cognitive performance among cognitively impaired individuals has not been performed.

Limitations of the Mediterranean diet. Although the MeDi is one of the most widely studied
dietary patterns, it is important to highlight that there is a lack of consistency in the scoring sys-
tems used to estimate dietary intake of the various nutritional components of the MeDi. A recent
systematic review by Zaragoza-Martí et al. (2018) identified 28 variations of theMeDi scoring sys-
tem used to estimate adherence. Some scoring systems were based on the food pyramid, whereas
others adopted the original scoring system created byTrichopoulou et al. (1995).This may, in part,
account for this discordance between some studies examining adherence to the MeDi and disease
outcomes. This lack of consistency between studies was also apparent in a review by Sofi et al.
(2014). The authors applied 10 sets of MeDi adherence scoring criteria to the same nutritional
data and reported a poor correlation between most indices and adherence scores ranging from
23% to 88%. It has also been reported that the definitions of the quantities for each food group
vary considerably between studies (Davis et al. 2015). Therefore, caution should be taken when
interpreting the results of studies that have used the MeDi. Despite this, there is good evidence
that the MeDi can play a positive role in cognitive health.

Neuroprotective properties of the Mediterranean diet.The underlying mechanisms by
which the MeDi may provide neuroprotection are not fully understood. This diet provides a
rich source of unsaturated fatty acids, antioxidants, and vitamins. Therefore, it has been posited
that the multiple nutritional components of the MeDi may work synergistically and in a dose-
dependent manner to mitigate and/or reduce risk factors associated with AD (Aridi et al. 2017).
These include reducing vascular risk factors such as hypertension, dyslipidemia, and abnormal
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glucose metabolism (Huhn et al. 2015); counteracting the effects of oxidative stress (Billingsley
& Carbone 2018); attenuating inflammatory pathways (Gu et al. 2010); and preserving white
matter microstructures in multiple brain regions (Pelletier et al. 2015). It is likely that certain
components of the MeDi contribute to the proposed neuroprotective mechanisms of action.
For example, it has been suggested that vitamin D can reduce Aβ production and increase Aβ
clearance (Grimm et al. 2017). However, diet is more than the sum of its individual components
and given the complex interactive nature of nutrients and their metabolism, it is also likely that
the components of the human diet are strongly influenced by synergy or competition between
compounds. For example, antioxidant nutrients can protect lipids from oxidation (Gupta et al.
2009), and calcium can inhibit the absorption of iron (Lonnerdal 2010). Accepting that the MeDi
is important in promoting healthy aging and reducing the risk of cognitive decline in later life,
what remains to be fully understood is the exact contribution of specific nutritional components
within the MeDi that are likely to be conferring these neuroprotective benefits.

TARGETED NUTRITION

Studying the role of global nutrition is important, as it reflects daily eating patterns and behaviors.
However, advances in science and technology have increased our capacity to fully elucidate the
unique neuroprotective mechanisms of specific nutrients that are likely to be driving the positive
results that have been observed. We now discuss specific nutrients, namely carotenoids and ω-3
FAs, which are major constituents of the MeDi and are also present in the brain.

Carotenoids

Carotenoids are naturally occurring plant pigments that are ubiquitous throughout nature and
synthesized de novo by photosynthetic organisms (plants, algae, cyanobacteria) and some nonpho-
tosynthetic organisms (Alcaino et al. 2016). Carotenoids are lipid-soluble C40 (tetraterpenoids)
compounds and are classified as carotenes (which are pure hydrocarbons and contain no oxy-
gen) or xanthophylls (which are oxygen derivatives and more polar than carotenes). Importantly,
carotenoids cannot be synthesized de novo by humans and so they must be obtained from the
diet, primarily through the leaves of edible plants and dark green, yellow, orange, and red vegeta-
bles and fruits. Of the 750+ carotenoids found in nature, 40 to 50 are found in the human diet
(Khachik 2006) and approximately 18 are found in human blood, of whichα-carotene,β-carotene,
lycopene, lutein (L), zeaxanthin (Z), and β-cryptoxanthin are the most common (Khachik et al.
1992).

Owing to their powerful antioxidant and anti-inflammatory properties, carotenoids are now
known to play an important role in human health. Indeed, a higher consumption of carotenoids
has been shown to be related to a lower risk of cardiovascular disease, some cancers (e.g.,
prostate) and eye diseases (e.g., age-related macular degeneration) (Bernstein et al. 2016, Fiedor
& Burda 2014). A growing body of evidence also supports a role for carotenoids in cognition
and brain health. A number of carotenoids (mainly L, Z, anhydrolutein, α- and β-cryptoxanthin,
α-carotene, cis- and trans-β-carotene, and cis- and trans-lycopene) have been identified in brain tis-
sue, including in the hippocampus, cerebellum, and frontal, occipital, and temporal cortices (Craft
et al. 2004, Johnson et al. 2013, Vishwanathan et al. 2016). In blood and most tissues, the xantho-
phyll carotenoids account for just 40% of total carotenoid concentrations, whereas carotenes ac-
count for approximately 60% of carotenoids present (Kaplan et al. 1990); in the brain, the xantho-
phyll carotenoids account for more than 65% of total carotenoids, suggesting preferential uptake
of xanthophylls across the blood–brain barrier (BBB) (i.e., a semipermeable membrane separating
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the blood from the cerebrospinal fluid) and selective accumulation into brain tissue (Craft et al.
2004). The xanthophyll carotenoid L is one of the most concentrated carotenoids in the brain
(Craft et al. 2004). It is for this reason that the majority of the research to date has studied the
role of L in cognition. Of interest, studies have shown that carotenoid concentrations are lower
in individuals with MCI (Rinaldi et al. 2003) and AD (Mullan et al. 2017, Nolan et al. 2014) when
compared to individuals free of cognitive impairment. Additionally, plasma carotenoid concentra-
tions (L andβ-carotene in particular) correlate inversely and significantly with AD severity (Wang
et al. 2008).

Carotenoids: observational evidence. Population-based and cross-sectional studies have shown
that higher concentrations of carotenoids [measured in blood and via self-report (i.e., question-
naires)] are associated with better cognitive performance in healthy individuals (Feeney et al.
2017, Johnson et al. 2013). However, a systematic review (Crichton et al. 2013) of cross-sectional
and epidemiological studies reported conflicting findings regarding the potential effectiveness of
carotenoids in reducing dementia risk. The authors in that review suggested that the inconsis-
tencies in their findings may have been due to the heterogeneity in the study designs adopted, as
the methods used to assess both antioxidant status and cognition varied widely between studies.
In addition, some studies made minimal adjustments for potential confounders (e.g., education,
diet), whereas other studies used extensive statistical modeling.

The carotenoids L,Z, andmeso-zeaxanthin (MZ) are preferentially concentrated in the central
retina [macula lutea,which is part of the central nervous system (CNS)] where they are collectively
referred to as macular pigment (MP). Interestingly,MP levels correlate positively and significantly
with brain concentrations of L and Z (Vishwanathan et al. 2016). Therefore, the measurement of
MP can be used as a noninvasive clinical biomarker of brain nutrition and, potentially, cognitive
health, given that higher MP levels have been associated with better cognitive performance in
both healthy (Ajana et al. 2018, Feeney et al. 2013) and cognitively impaired individuals (Renzi
et al. 2014).

Higher consumption of green leafy vegetables (rich in the xanthophyll carotenoid L) in par-
ticular has shown to be significantly related to slower rates of cognitive decline in cognitively
healthy individuals (Morris et al. 2018). A systematic review by Loef & Walach (2012) suggested
that higher consumption (>200 g or at least 3 servings/day) of vegetables (measured using food
frequency questionnaires) was associated with a reduced risk of AD and a slower rate of cognitive
decline. Additionally, higher carotenoid concentrations (measured in blood and via self-report)
have been associated with a lower risk of ADmortality (Feart et al. 2016,Min &Min 2014). Over-
all, observational evidence suggests that greater carotenoid consumption is associated with better
cognitive performance and a reduced risk of cognitive decline.

Carotenoids: interventional evidence. A number of interventional studies in healthy individuals
have observed improvements in various domains of cognition following carotenoid supplemen-
tation. These include verbal learning (Lindbergh et al. 2016), verbal reasoning (Zamroziewicz
et al. 2016), episodic memory (e.g., remember where you parked your car in a multistory car park)
(Power et al. 2018), attention (Hammond et al. 2017), processing speed (Bovier & Hammond
2015), and reaction time (Renzi et al. 2013). To date, no improvements in cognition have been ob-
served among AD patients following carotenoid supplementation (Nolan et al. 2015), suggesting
that early intervention is likely to be important.

Neuroprotective properties of carotenoids.The exact mechanisms underlying the relation-
ship between carotenoids and cognitive health and function have not yet been fully elucidated.
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Carotenoids are premised to be neuroprotective because of their chemical composition and
localization within biological membranes, thus bestowing antioxidant and anti-inflammatory
properties at their storage locations. These properties can help mitigate the processes involved in
neurodegeneration; namely, oxidative stress and inflammation (Mohammadzadeh et al. 2017). As
noted previously, oxidative damage refers to tissue injury due to cumulative exposure to unstable
molecules known as ROS. Examples of ROS include free radicals, singlet oxygen, and hydrogen
peroxide. ROS are the inevitable by-product of aerobic metabolism, and although important for
homeostasis and cell signaling (Droge 2002), cellular dysfunction arises when the cellular system
is overwhelmed by the concentration of ROS relevant to the antioxidant capacity of the cell. If
the cellular components (e.g., DNA, proteins) are unrepaired, tissue damage and, eventually, cell
death occur. Owing to its high oxygen demand and high amounts of PUFAs, the brain is particu-
larly vulnerable to oxidative damage. In addition, the integrity of the BBB is also reduced as indi-
viduals age. This results in the brain having a higher susceptibility to oxidative damage. Because of
their conjugated double-bond structure, carotenoids are efficient scavengers of ROS (namely sin-
glet oxygen and peroxyl radicals), primarily through direct energy transfer (i.e., a process known
as physical quenching). They can also neutralize ROS via electron acceptance, electron dona-
tion, or hydrogen abstraction or acceptance (Bouayed & Bohn 2012, Kaulmann & Bohn 2014).
Carotenoids with a higher number of conjugated double bonds have a greater capacity to scav-
enge ROS and thus are more powerful antioxidants. Carotenes are located within the inner part
of the lipid bilayer, whereas xanthophylls are positioned perpendicular to the membrane surface
(Bone & Landrum 1984). Because of their lipid solubility, carotenoids are incorporated into lipid
membranes where they can interact with plasma, mitochondria, and nucleus membranes within
cells. As a result, carotenoids can reduce the susceptibility of cellular membranes and lipoproteins
to oxidative damage through free-radical scavenging (Bouayed & Bohn 2012).

Carotenoids can also affect the structural and dynamic properties of membranes (e.g., thick-
ness, permeability) (Gruszecki & Strzalka 2005). For example, it has been suggested that L can
facilitate the transfer of compounds (e.g., molecules or nutrients) from one cell to another via
gap junctions (i.e., intercellular membrane proteic structures). Gap junction channels contribute
to sharpened neuronal activity, which has been proposed to underlie cognitive processes such as
memory, perception, and learning (Sohl et al. 2005). It has also been shown that the xanthophylls
L and Z can positively impact neural efficiency, whereby individuals with higher levels of these
xanthophyll carotenoids required less brain power to complete the same tasks as individuals with
lower levels of these carotenoids (Bovier & Hammond 2015, Lindbergh et al. 2016).

Under normal conditions, inflammation is a protective physiological response to endogenous
and/or exogenous agents. However, persistent inflammation over a prolonged period results in
chronic inflammation and is harmful to the body, as it can cause cellular damage, which in turn
can result in the development of chronic disease. Inflammation of nervous tissue is known as
neuroinflammation and can lead to synaptic dysfunction and death of neurons within the brain.
Chronic neuroinflammation is a hallmark typically associated with neurodegenerative diseases
such as Parkinson’s disease and AD (Skaper et al. 2018). The deployment of neuroinflammation is
carried out exclusively by microglia, a series of cells that reside permanently next to the neurons
and that constitute the immune system of the CNS.Thanks to the insulating effect of the BBB, the
peripheral immune system is excluded from acting on the CNS.However,when a neuroinflamma-
tory episode develops, the microglia can become activated at levels that compromise the insulating
role of the BBB, thus allowing the entry of circulating immune cells into the CNS and thereby ag-
gravating inflammation (Zhang et al. 2016a). Evidence suggests that the anti-inflammatory prop-
erties of carotenoids can play a positive role in neurological disorders.These includemodulation of
inflammatory cells and proinflammatory enzymes, downregulation of proinflammatory molecule
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production, and attenuation of inflammatory gene expression (Guest &Grant 2016). For example,
it is posited that carotenoids can influence the immune properties of microglia, which in turn can
inhibit the production of proinflammatory molecules such as cytokines.

It has also been suggested that carotenoids may be neuroprotective because of their ability to
suppress the accumulation of Aβ (Obulesu et al. 2011). Molecular modeling of cryptocapsin and
Z suggests that these carotenoids have the capacity to inhibit Aβ aggregation, possibly because of
the presence of keto-κ and β-ionone hydroxylated rings, respectively (Lakey-Beitia et al. 2017). A
study in mice showed that carotenoid supplementation improved the resistance of red blood cells
(RBCs) to oxidative damage induced by Aβ (Nakagawa et al. 2011). This is significant, as it has
been suggested that alterations in RBCs decrease oxygen delivery to the brain. This in turn can
lead to brain hypoxia (Mohanty et al. 2008), which contributes to the pathogenesis of AD.

Omega-3 Fatty Acids

In addition to carotenoids, fats and oils are an important part of our diet (and a major component
of theMeDi), as they provide fatty acids (FAs) necessary for storing energy and form the biological
membranes of cells and their organelles. FAs are nonbranched molecules composed of carbon and
hydrogen and an acid group on one end.They can be completely saturated or contain one or more
unsaturations (i.e., double bonds) in their structure. The number of carbons and unsaturations of
a FA determines its name and its classification. Short-chain FAs are usually saturated (i.e., without
double bonds) and long-chain FAs can have either a single unsaturation (i.e., MUFAs) or several
unsaturations in their structure (i.e., PUFAs).The PUFA family can be dichotomized into theω-3
family and the omega-6 (ω-6) family. Each family has a specific FA as a precursor of the rest of
the family members. In the case of theω-3 family, the precursor FA is α-linolenic acid (ALA); and
in the case of the ω-6 family, the precursor FA is linoleic acid (LA). Each of these two precursor
FAs (ALA and LA) are essential (i.e., we cannot synthesize them and must obtain them from our
diet) (Collins et al. 1971). The metabolism of ALA in the ω-3 family produces docosahexaenoic
acid (DHA) as its final product with appreciable amounts of the previous FA in the synthesis route
known as eicosapentaenoic acid (EPA). In the case of the ω-6 family, the final product of LA
metabolism is arachidonic acid (ARA).

ω-3 FAs are obtained from the diet mainly via the consumption of fish, seafood, or shellfish.
These foods contain high amounts of EPA and DHA. Different types of fish contain different
amounts and ratios of EPA and DHA, which are influenced by the metabolic characteristics of
the fish and their diet among other variables. EPA and DHA can also be obtained by consuming
food supplements produced from fish, krill, or Calanus oil extract. Approximately 30% of the FAs
present in fish oil comprise EPA and DHA (Calder & Yaqoob 2009). At present, however, the
ratio of ω-6 FAs to ω-3 FAs in the human diet is 10–20:1 in favor of ω-6 FAs (Sheppard &
Cheatham 2018) in contrast to the 1:1 ratio that humans consumed in the Paleolithic (Kuipers
et al. 2010). This is due to the currently high consumption of ω-6 rich oils (sunflower oil and
soybean oil, which are rich in ALA), meat and eggs (both rich in ARA), the lower consumption
of oily fish (rich in EPA and DHA), and the consumption of farmed fish, which are low in DHA
and EPA (Sheppard & Cheatham 2018). The consequence of this imbalance between ω-6 and
ω-3 intake is the prevalence of obesity, increased inflammatory status, loss of insulin sensitivity,
and imbalanced cognitive behavior (Zamberletti et al. 2017). Importantly, humans do not bear any
enzyme to convert ω-6 FAs into ω-3 FAs.

The brain is a lipid-dense organ, with gray matter consisting of approximately 40% lipids
and white matter consisting of 50%–70% lipids. ARA and DHA are found in large amounts in
the brain and are located in the phospholipids that make up the membranes of microglia and
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neurons, including myelinated axons (Hamazaki et al. 2015). Given that ω-3 FAs (in particular,
DHA) are key components of lipids in the brain, they have an important role in maintaining
brain structure and function. DHA is important for neuronal differentiation, synaptogenesis, and
synaptic function (Hashimoto et al. 2017). DHA is the predominant ω-3 FA involved in cerebral
metabolism and as a consequence has been extensively studied. In contrast, EPA is found at very
low concentrations in the human brain, approximately 275 times lower than those of DHA in the
mouse brain (Chen et al. 2009) and below detection levels in the human brain (Hamazaki et al.
2015). It has been hypothesized that the low presence of EPA in the brain may be due to high
catabolism of this ω-3 FA in brain tissue (Chen et al. 2009).

Omega-3 fatty acids: observational evidence.Given the abundance of ω-3 FAs (primarily
DHA) in the brain, it is reasonable to suggest that these nutrients are important for cognition and
brain health. For more than two decades, there has been a continuous interest in the role of ω-3
FAs for healthy cognition and the prevention of AD.Many longitudinal and cross-sectional stud-
ies among healthy individuals have shown that greater consumption of ω-3 FAs (primarily from
fish) is associated with better cognitive performance (Dangour et al. 2009, Ubeda et al. 2012) and
a reduced risk of dementia (Barberger-Gateau et al. 2007, Roberts et al. 2010).Meta-analyses have
reported a 5%–11% decreased risk for AD for every 100 g/week increased intake in fish (Wu et al.
2015, Zhang et al. 2016b). Higher intake of ω-3 FAs (from dietary sources and via supplementa-
tion) has also been positively associated with graymatter volumes in areas such as the hippocampus
and orbital frontal cortex (Raji et al. 2014). Lower plasma concentrations of ω-3 FAs have been
associated with greater cognitive decline in both cognitively intact (Lukaschek et al. 2016) and
cognitively impaired individuals (Schaefer et al. 2006). Of interest, ω-3-FA levels (in brain and
tissue) are depleted in individuals with MCI and AD in comparison to cognitively healthy indi-
viduals (Cunnane et al. 2012, Huang 2010). Indeed, it has been suggested that lipids could be
used as a blood-based biomarker in detecting preclinical AD in healthy individuals.Mapstone and
colleagues identified a set of ten lipids from peripheral blood that predicted phenoconversion to
amnestic MCI or AD within three years (Mapstone et al. 2014). Another study has shown that
ω-3 FAs are positive predictors of a composite memory performance score independent of con-
founders, including age, years of education, sex, and socioeconomic status (Phillips et al. 2012).
Using the method developed by Mapstone et al. (2014), analysis from our research center also
found significant differences in lipids [PCaa (40:6), PCaa (38:6), PCae (38:4)] between mild-to-
moderate AD patients and healthy controls ( J.M. Nolan, R. Moran, R. Mulcahy, A. Howard, L.
Matthews, D.I. Thurnham, J.L.Griffin & A.Koulman, unpublished results). However, we suggest
that differences in the lipid profile are of dietary origin given that it has previously been shown
that this population group has poorer dietary patterns (Gardener et al. 2012). Indeed, our results
suggest that lipids will provide poor biomarkers per se for AD but instead reflect the effects of a
potentially beneficial diet in the elderly. Although it is important to note that some studies have
observed no relationship (Ammann et al. 2013, Devore et al. 2009), overall observational evidence
suggests that greater intake of ω-3 FAs is associated with better cognitive performance and a
reduced risk of AD.

Omega-3 fatty acids: interventional evidence.The evidence for a beneficial effect of ω-3-
FA supplementation on cognition is less clear from clinical trials. Some interventional studies
performed in healthy individuals have observed improvements in cognition, whereas others have
found no positive effects (Flodgren & Berg 2016). Supplementation trials with dosages ranging
from 900 mg–2.2 g/day have observed improvements in a number of cognitive domains, including
episodicmemory, visual recognitionmemory, reaction time, and executive function among healthy
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individuals between 50 and 75 years (Kulzow et al. 2016, Yurko-Mauro et al. 2010). Increases in
gray matter volume of the frontal, temporal, parietal, and limbic areas within the left hemisphere
of the brain have also been observed (Witte et al. 2014). In contrast, a systematic review involving
three intervention trials (n = 4,080) found no benefit of ω-3-FA supplementation to cognition
(i.e., memory, executive function or processing speed) among cognitively healthy individuals aged
60–80 years (Sydenham et al. 2012). Although the intervention periods (6, 24, and 40 months)
and formulation dosages (176–847 mg DHA and 226–1,093 mg EPA) varied widely between the
three studies, the cognitive measurements and outcome measures of interest were comparable
between studies. Overall, results are conflicting and the evidence to support a role for ω-3-FA
supplementation in healthy individuals remains unclear.

Clinical trials performed on individuals with dementia (mainly patients with AD) have also
provided mixed results. Some interventional trials have reported positive benefits (Eriksdotter
et al. 2015), but overall there is a growing consensus that supplementation with ω-3 FAs does
not exhibit cognitive improvements in these patients. Indeed, a recent Cochrane review of three
randomized clinical trials reported no cognitive benefits following six months of supplementation
withω-3 FAs for individuals (n= 632 in total) withmild-to-moderate AD (Burckhardt et al. 2016).

Of note, evidence is moderately stronger for interventional studies examining individuals with
early-stage cognitive impairment (i.e., not clinically confirmed dementia). However, only a small
number of studies examining the impact ofω-3-FA supplementation on cognition have been per-
formed in this population group. Baleztena et al. (2018) reported no benefits in global cognitive
function following 12-month supplementation with 750 mg of DHA and 120 mg of EPA. How-
ever, the sample was not stratified by degree of impairment (i.e., no, very mild, and mild cognitive
decline) and, instead, was viewed collectively. This may have influenced the outcome of the study.
Also, other ingredients such as vitamin B12 (5 mg) and Ginkgo biloba (60 mg) were present in the
formulation tested in that study. A meta-analysis of 15 interventional trials suggested a benefit of
DHA supplementation in terms of improving episodic memory among mildly impaired individ-
uals (Yurko-Mauro et al. 2015). Other studies have also reported benefits in memory (episodic,
short-term, working, and immediate verbal), processing speed, and attention (Lee et al. 2013,
Mazereeuw et al. 2012).

It has also been suggested that individuals with very-early-stage AD may benefit from ω-3-
FA supplementation (Freund-Levi et al. 2006, Mazereeuw et al. 2012). Exploratory analysis by
Hooper et al. (2017) and Andrieu et al. (2017) reported less cognitive decline among an ω-3-FA
supplementation group compared to placebo in individuals with a cognitive impairment (but not
dementia) and a lowω-3-FA index at baseline. In totality, the evidence from interventional studies
suggests thatω-3-FA supplementation should be targeted toward specific population groups (i.e.,
individuals with MCI, very-early-stage AD, or a lowω-3-FA index). Healthy individuals may also
attain benefits, but the overall impact of supplementation in this group remains unclear.

It is clear from the above summary that intervention trials examining the impact of ω-3 FA
on cognition are inconsistent. This ambiguity may be due to the variations in cognitive status, FA
dosage, or duration of supplementation. The apolipoprotein E4 (APOE4) status of an individual
may also be important to consider, as studies have observed varying results between APOE4 car-
riers and noncarriers following ω-3-FA supplementation (Salem et al. 2015). Therefore, results
from studies that do not take APOE4 status into consideration may be limited in their interpreta-
tion and study design. It has also been suggested that any positive effects of ω-3-FA supplemen-
tation may be masked by the negative effects of high levels of trans and saturated FAs in the body.
It has been previously noted that the overall dietary fat composition, in addition to the amount of
unsaturated fat present in the body, is vital for brain function (Morris et al. 2005). Indeed, it has
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been suggested that high levels of saturated and trans-fatty acids are associated with an increased
risk of neurological disorders (Barnard et al. 2014).

Neuroprotective properties of omega-3 fatty acids.The exact biological mechanisms by which
ω-3 FAs confer cognitive benefits are not yet fully understood.However, it has been suggested that
their properties may help tomitigate processes involved in the pathogenesis of AD,namely inflam-
mation. As noted above, neuroinflammation is inflammation that occurs in the CNS that can lead
to synaptic dysfunction and the death of neurons. It has been suggested that DHA plays an impor-
tant role in the control and resolution of neuroinflammation. This role is performed by a number
of pathways, including being converted into bioactive lipid metabolites such as endocannabinoid
epoxides (molecules that are responsible for antiangiogenic effects, vasodilatory actions, and reg-
ulation of platelet aggregation) (McDougle et al. 2017). Furthermore, DHA downregulates the
expression of genes involved in the synthesis of proinflammatory eicosanoids produced from ARA
(Smedt-Peyrusse et al. 2008). Studies in murine models have shown that DHA promotes neuroge-
nesis and neuritogenesis, sustains neuronal survival (Akbar et al. 2005), and thus improves spatial
learning performance (He et al. 2009) and memory (Sugasini et al. 2017). Neuronal membranes
primarily comprise lipids and thus are highly susceptible to lipid peroxidation, which can lead to
cellular damage and an increased risk of cognitive impairment (Shichiri 2014). It has also been
suggested thatω-3 FAs are implicated in upregulating the expression of antioxidant enzymes and
downregulating genes associated with production of ROS (Sakai et al. 2017). Additionally, ω-3
FAs are also important for membrane homeostasis, which is associated with reduced cognitive
decline (Agrawal & Gomez-Pinilla 2012).

Given that DHA is a key component of lipids in the brain, it is posited that it is directly involved
in enhancing neuronal health by stimulating neurogenesis and neuronal function such as increas-
ing the expression of myelin-related proteins that can facilitate axonal transmission and thus better
neuronal signaling (Salvati et al. 2008). Despite EPA being stored in the brain in low amounts, it
has been demonstrated that thisω-3 FA is important for neural efficiency. This suggests that EPA
may positively influence pathways that regulate high-order cognitive functions (Bauer et al. 2014).
It has also been suggested that EPA can facilitate enzymatic processes required to inhibit neuronal
damage from inflammation and oxidative stress (Okabe et al. 2011). The neuroprotective benefits
of ω-3 FAs may also be mediated indirectly through their established role as protectors against
cardiovascular disease, which is also a risk factor for neurodegenerative disease. Higher intake of
ω-3 FAs has been associated with reductions in vascular risk factors such as plasma triglycerides,
resting heart rate, and blood pressure and improvements in vascular function, including myocar-
dial filling and cerebral blood flow (Mozaffarian & Wu 2011).

CAROTENOID AND OMEGA-3 FATTY ACID SYNERGY

The combination of carotenoids and ω-3 FAs may potentially offer advantages in biochemical
response to carotenoids and additional cognitive benefits to these nutritional compounds in
isolation. A study (n = 49) involving healthy women aged 60–80 years observed a superior
biochemical response among individuals receiving a combination of L or DHA in comparison to
L and DHA alone, suggesting that the presence of DHA facilitated uptake of L ( Johnson et al.
2008). Indeed, our recent work has identified that the blood response to carotenoid intervention
in the presence of ω-3 FAs (430 mg of DHA and 90 mg of EPA) exhibits significantly greater
increases in circulating xanthophyll carotenoids (L, Z, and MZ) (Nolan et al. 2018). Furthermore,
this pilot work has suggested that some of the patients that were supplemented with carotenoids
and ω-3 FAs demonstrated improvements in their ability to carry out everyday activities with
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specific improvements noted in memory, sight, andmood.We are now in the process of examining
this finding in a larger clinical trial of patients with AD [Memory Investigation with Nutrition
for Dementia (re-MIND), trial registration number ISRCTN11892249].

CONCLUSION

Over the past two decades, we have learned that nutrition is important for brain health and can
positively impact on cognition and AD risk. It is our view that nutrition is important for opti-
mization of cognition and as a preventative measure for neurological disease, such as AD. One
major challenge, however, is compliance with good nutrition and access to good diets such as the
MeDi. Another challenge relates to the quality of healthy foods, as recent evidence suggests that
the nutritional value of certain fruits and vegetables is declining (White & Broadley 2005).

Regarding theMeDi, there is strong evidence to show that adopting or adhering to this dietary
pattern can play a positive role in cognitive health among healthy individuals and reduce their risk
of developing AD. Continued research, specifically MeDi interventional studies involving cogni-
tively impaired individuals, will add to the current knowledge base. Carotenoids andω-3 FAs are
key components of the MeDi and, given that these nutrients are present in brain tissue, it is likely
that they play a significant role in maintaining cognition and reducing the risk of cognitive decline.
Much of our work to date has focused primarily on the role of carotenoids for cognitive health
and disease. We have shown that lower carotenoid concentrations (in both tissue and blood) are
associated with poorer cognitive status in healthy individuals (Feeney et al. 2013, 2017) and that
patients with AD are deficient in these nutrients (Nolan et al. 2014). Furthermore, our research
has observed improvements in cognition following carotenoid supplementation in healthy indi-
viduals (Power et al. 2018). Moreover, the presence of ω-3 FAs in the brain and their potential
role in neuroprotection and synergy with carotenoids have led us to investigate these nutritional
compounds in conjunction with the xanthophyll carotenoids. Our previous interventional work
with AD patients observed no benefit of carotenoid supplementation to cognition (Nolan et al.
2015). However, recent pilot work in which individuals with AD were supplemented with a for-
mulation containing a combination of carotenoids and ω-3 FAs yielded positive results in terms
of improved biochemical response and carer-reported improvements in the ability of AD patients
to perform daily activities, with specific improvements noted in memory, sight, and mood (Nolan
et al. 2018). Future work will examine this finding in a larger study (the re-MIND trial), which is
currently underway.

It is clear from this review that cognitively impaired individuals have poorer dietary patterns
and are deficient in both carotenoids and ω-3 FAs in comparison to cognitively healthy individ-
uals. Therefore, it is likely that specific population groups (i.e., individuals with MCI, very-early-
stage AD, or a low ω-3 FA and/or carotenoid index) will benefit from nutritional intervention;
however, well-designed and appropriately powerful intervention trials are needed to confirm this
hypothesis. Indeed, this has prompted our current research, which is examining the impact of 24-
month nutritional supplementation (carotenoids and ω-3 FAs) on cognition in mildly impaired
individuals in comparison to age-matched controls [Cognitive impAiRmEnt Study (CARES), trial
registration number: ISRCTN10431469].

In conclusion, this is an exciting time for research on nutrition in cognitive health. Advance-
ments in technologies have allowed us to design and conduct clinical trials with meaningful out-
come measures in the populations of interest. It is our view that, on the basis of the totality of
evidence already available, major investment in the role of nutrition for cognitive health and neu-
rological diseases such as AD is truly merited. The need for preventative strategies to promote
healthy aging and minimize the burden of neurological disease is timely and essential given the
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challenges of the aging population. It is our view that given their selective presence in brain tissue
and their ability to attenuate the mechanisms involved in the pathogenesis of AD (namely oxida-
tive stress and neuroinflammation), the MeDi and, in particular, carotenoids and ω-3 FAs offer
potential for optimizing cognition and reducing the risk of AD.
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