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INTRODUCTION

Environmental factors profoundly influence brain structure and function. 
Lifestyle elements such as nutrition, physical activity, exposure to chemi-
cals, social interaction, and participation in cognitively demanding activi-
ties significantly impact the structure and function of the brain. It is now 
abundantly clear that this effect is profound to the extent of modulating 
susceptibility to or inducing neurodegenerative disease. The role of the 
environment is particularly significant in neurodegenerative diseases that 
are not clearly caused by a single genetic alteration, such as Late Onset 
Alzheimer’s disease (LOAD). The primary risk factor for LOAD is advanced 
age. Age-dependent lifestyle changes often include reduced mobility, fewer 
opportunities for socializing, infrequent participation in cognitively stimu-
lating activities, and poor nutrition. Here we examine evidence that lifestyle 
and environmental factors affect the risk for the development of AD.

In the early 2000s, several pioneering studies provided the first exper-
imental evidence that environmental factors are disease modulators. 
These experiments modified the living environment of mouse models of 
Alzheimer’s disease (Ambree et  al., 2006; Billings, Green, McGaugh, &  
LaFerla, 2007; Costa et  al., 2007; Herring et  al., 2009; Hu et  al., 2010; 
Jankowsky et  al., 2005; Lazarov et  al., 2005; Levi, Jongen-Relo, Feldon, 
Roses, & Michaelson, 2003; Nichol, Deeny, Seif, Camaclang, & Cotman, 
2009; Nichol et  al., 2008; Parachikova, Nichol, & Cotman, 2008; Russo-
Neustadt, Beard, & Cotman, 1999; Wolf et al., 2006). Experiments included 
a paradigm known as environmental enrichment (EE, Figure 7.1), learn-
ing tasks, or exercising paradigms. EE typically consists of a larger living 
space than the standard cage, social interactions, novel objects and nesting 
materials, as well as running wheels for physical exercise (Figure 7.1). This 
paradigm enhances many aspects of plasticity in the brain of wild-type 
mice, as well as improves learning and memory (for recent reviews, see 
Hirase & Shinohara, 2014; Simpson & Kelly, 2011). Experience of mice 
expressing familial Alzheimer’s disease linked mutant variants (FAD mice) 
in EE resulted in reduced neuropathology and enhanced neuroplasticity, 
including enhanced and rescued hippocampal neurogenesis and long 
term potentiation (LTP), reduced oligomeric Aβ and tau hyperphosphory-
lation, along with upregulation of critical components of anterograde 
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axonal transport (for example, see Hu et  al., 2010). Specifically, several 
studies reported decreased amyloid pathology following EE (Ambree 
et  al., 2006; Berchtold, Chinn, Chou, Kesslak, & Cotman, 2005; Billings 
et al., 2007; Costa et al., 2007; Arne Herring et al., 2011; Hu et al., 2010; 
Lazarov et al., 2005; Mirochnic, Wolf, Staufenbiel, & Kempermann, 2009; 
Nichol et al., 2009; Nichol et al., 2008; Parachikova et al., 2008; Perreau, 
Adlard, Anderson, & Cotman, 2005; Russo-Neustadt et al., 1999).

Importantly, mice that did not use the environment (e.g., did not run 
on the running wheel) showed no change in levels of pathology in their 
brains (Lazarov et al., 2005). In the APPswe/PS1ΔE9 mouse model of AD, 
EE was shown not only to decrease amyloid-related pathology, but also to 
increase levels of neprilysin, a protein involved in the degradation of Aβ 
(Lazarov et al., 2005). In support of that, aging-dependent decline in nepri-
lysin activity (Hellstrom-Lindahl, Ravid, & Nordberg, 2008; Wang, Iwata, 
Hama, Saido, & Dickson, 2003) can be mitigated by experience of aging 
mice in EE (Mainardi et al., 2014). Importantly, improvements in learning 
and memory were observed in FAD mice following EE, even when levels 
of amyloid deposition were found to be upregulated (Jankowsky et al., 
2005), indicating that the protective effect of EE surpasses the detrimental 
effect of amyloid deposition.

Taken together, these experiments suggest that a complex experience 
that involves multiple stimuli, such as exercise, novelty, and exploration, 
dramatically affects brain plasticity and mitigates cognitive dysfunction 
in mouse models of FAD. Later experiments have unraveled, at least in 
part, the signaling pathways underlying EE (Berchtold et al., 2005; Billings 

FIGURE 7.1  The enriched environment experimental paradigm. In the enriched environ-
ment, mice are housed in a large cage with novel stimuli such as tunnels and huts. Running 
wheels are provided for physical activity. Exposure to an enriched environment such as the one 
pictured here has been shown to enhance brain plasticity and cognitive function in rodents.
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TABLE 7.1  Summary of Discussed Environmental Factors and Their Influence on 
AD Risk

Environmental  
factor

Potential mechanism for influencing AD risk
 Decreases AD risk  Increases AD risk

Humans Rodents

Cognitive stimulation 
(Humans: reading, 
writing, puzzle 
solving, education, 
bilingualism.  
Rodents: 
environmental 
enrichment)

 �Increased brain volume  Enhanced neurogenesis
 �Increased neuronal 
density

 �Increased neprilysin activity 
(increased Aβ clearance)

 �Increased hippocampal 
activation

 �Enhanced connectivity 
(Cognitive Reserve)

 �Reduced GSK3-β 
activity (reduced tau 
hyperphosphorylation)

 Enhanced plasticity
 �Reduced AD pathology, 
particularly amyloid 
pathology

 Enhanced LTP
 �Reduced AD pathology (Aβ and 
phosphorylated tau)

Physical activity  �Increased hippocampal 
activity and volume

 �Increased hippocampal activity 
and volume

 Increased neurotrophins
 Reduced myelin degeneration
 Reduced AD pathology
 Reduced oxidative stress
 Increased neurogenesis
 Increased amyloid pathology

Pesticides (DDT, 
chlorpyrifos, 
rotenone)

 �Extent of risk and 
mechanism unclear

 Increased APP
 Increased Aβ
 Increased reactive oxygen 

species
 �Degeneration of cholinergic 
neurons

Metals (copper, 
lead, and aluminum 
are increased in 
AD, selenium and 
manganese are 
decreased in AD,  
zinc is unclear)

 �Zinc associated with 
decreased plaque 
density

 �Copper decreases neprilysin 
activity (reduced Aβ clearance)

 Zinc reduces copper absorption
 �Zinc increases APP cleavage 
and Aβ deposition

 �Alterations in metal homeostasis 
may result in a more oxidizing 
environment in the brain

(Continued )

et al., 2007; Hu, Long, Pigino, Brady, & Lazarov, 2013; Lazarov et al., 2005; 
Perreau et  al., 2005). Since then, numerous studies have described the 
effect of environmental components on the development of AD in rodents 
and humans. We describe and consider the evidence that supports or 
defers the link between lifestyle and environmental factors and the devel-
opment of cognitive deficits and AD, and discuss potential mechanisms 
underlying these effects (for summary see Table 7.1).
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TABLE 7.1  Summary of Discussed Environmental Factors and Their Influence on 
AD Risk

Environmental  
factor

Potential mechanism for influencing AD risk
 Decreases AD risk  Increases AD risk

Humans Rodents

Pollution  �Increased inflammation  Increased AD pathology
 �Increased Aβ and  
tau pathology

 �Increased 
neurodegeneration

 �Increased blood-brain 
barrier damage

Good Nutrition (high 
in antioxidants, fruits, 
vegetables, cocoa, 
vitamins, folate, 
caffeine)

 �Reduced oxidative 
stress via antioxidants

 �Reduced oxidative stress via 
antioxidants

 �Reduced AD pathology  Increased neurotrophins
 Reduced AD pathology
 Increased neprilysin activity
 �Reduced GSK3-β 
activity (reduced tau 
hyperphosphorylation)

 Increased acetylcholine
 �Reduced activity of 
acetylcholinesterase

 Altered presenilin activity
 Promoting microbiome health

Bad Nutrition (high in 
animal products, fat, 
cholesterol, sugar)

 �Increased diabetes  
risk

 �Exacerbate Aβ and tau  
pathology

 �Decreased vascular 
health

 Reduced cholinergic neurons
 Disrupting microbiome health

Sleep See Chapter 10 See Chapter 10

Socialization  Cognitive reserve?

Potential ways by which an environmental factor can affect the development of 
the disease or the risk—effect on the genetics—APP, PS1, effect on oxidative stress, 
mitochondria, blood circulation/elimination of toxins, oxygen level, upregulation of 
neurotrophic factors, upregulation of neurogenesis, synaptic components, etc.

TABLE 7.1  (Continued)

Environmental  
factor

Potential mechanism for influencing AD risk
 Decreases AD risk  Increases AD risk

EPIDEMIOLOGICAL STUDIES

Cognitive Reserve and Education

Compelling evidence for the contribution of environmental factors to 
AD risk comes from studies like the ones performed in American reli-
gious orders (Bennett, 2006). In these studies, the cognitive ability of hun-
dreds of individuals was tested regularly throughout life, and the brains 
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examined following death. Religious orders are a particularly informative 
observational population since the lifestyles of the members are simi-
larly regulated, thus facilitating a more focused analysis of the effect of 
a single environmental variable. One factor that was repeatedly found 
to be associated with risk of AD was the extent of cognitive complexity 
experienced during life (Bennett, Schneider, Wilson, Bienias, & Arnold, 
2005b). For example, the density of ideas in writing samples of nuns dur-
ing early and midlife was associated with a reduced risk for AD, superior 
cognitive functioning, and decreased levels of pathological markers for 
AD (Mortimer, 2012; Riley, Snowdon, Desrosiers, & Markesbery, 2005; 
Snowdon et al., 1996). The extent of idea density in writing samples may 
indicate a lifetime of cognitive complexity, in part resulting from higher 
levels of education (Mitzner & Kemper, 2003). Indeed, in one study of 
nuns, lower education level was correlated with earlier onset of cogni-
tive impairment (Tyas, Snowdon, Desrosiers, Riley, & Markesbery, 2007). 
Similarly, a recent meta analysis of the literature on education and risk 
for AD determined that higher education reduced the risk of incidence 
of AD (Meng & D’Arcy, 2012). Interestingly, even low levels of education 
appear to exert a protective effect when compared to no formal education 
(Farfel et  al., 2013). Other studies also describe the inverse correlation 
between education level and severity of cognitive impairments in spite of 
the presence of AD-related pathology (Bennett, Schneider, Tang, Arnold, 
& Wilson, 2006; Bennett et al., 2003; Roe, Xiong, Miller, & Morris, 2007).

In addition to education, other environmental factors can offer cogni-
tive complexity during life and confer a benefit to the aging brain. For 
example, many studies show that lifetime bilinguals have a delayed aver-
age onset for AD (Akbaraly et al., 2009; Alladi et al., 2013; Freedman et al., 
2014; Rovio et al., 2005; Wilson, Scherr, Schneider, Tang, & Bennett, 2007). 
For this reason, bilingualism is often now considered an environmental 
factor (Gold, 2014). Participation in other cognitively demanding activities 
such as reading, writing, and playing an instrument or games has also 
been associated with a reduced risk for AD (Sattler, Toro, Schönknecht, &  
Schröder, 2012; Wilson, Boyle, Yang, James, & Bennett, 2015; Wilson et al., 
2002). This observation is still manifest when preclinical depression, which 
might result in a decreased interest in participating in leisure activities, 
is accounted for (Verghese et al., 2003). Like religious orders, studies of 
twins aid in the identification of important environmental factors, since 
the extent of genetic and environmental variability is smaller. In studies 
of twins, the twin with greater involvement in leisure activities, or with 
a more cognitively complex job, had a lower risk for AD (Andel et  al., 
2005; Crowe et al., 2003; Potter, Helms, Burke, Steffens, & Plassman, 2007). 
Similarly, in a monozygotic twin study, the twin with greater involvement 
in cognitive leisure activities had a reduced risk for AD, particularly when 
the twins were carriers for APOE4, a genetic risk factor for AD (Carlson 
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et al., 2008). These studies offer compelling evidence that participation in 
a cognitively complex environment can modulate AD risk independent 
of genetic contributions to that risk.

Little is known about the mechanism of protection conferred by a life-
time of cognitive activity. Deciphering this mechanism in the human brain 
is particularly challenging, simply because of the limited ways to detect 
and measure cellular processes in live individuals. One way to measure 
the status of AD pathology is by examining the levels of Aβ and tau in 
the cerebral spinal fluid (CSF), which is thought to be reflective of Aβ 
and tau pathology in the brain (Wang et al., 2014). Longitudinal studies 
have shown that greater education results in a slower decline in CSF Aβ42 
(declining Aβ42 in the CSF is indicative of worsening brain pathology), 
and in postmortem analysis individuals with higher levels of education 
had lower levels of Aβ in the brain compared to their less educated, 
but still cognitively intact age-matched counterparts (Lo & Jagust, 2013; 
Yasuno et al., 2014). In addition, higher levels of self-reported cognitive 
activity (such as reading and writing) in early life was associated with 
reduced levels of Pittsburgh Compound B (PiB), a radioactive tracer for 
amyloid plaques, in later life (Landau et  al., 2012). These studies offer 
evidence that a lifetime of cognitively complex activities may reduce the 
occurrence of amyloid pathology.

Similarly, in a postmortem analysis, level of education was found to 
temper the effects of amyloidosis, meaning that individuals with higher 
education had greater cognitive function when matched to an individual 
with similar levels of amyloid (Bennett, Schneider, Wilson, Bienias, & 
Arnold, 2005a). A recent meta analysis of the literature on education and 
risk for AD determined that the AD pathology was greater than the cogni-
tive performance during life would have otherwise suggested (Meng &  
D’Arcy, 2012). As in the higher-educated brain, the pathological state of 
the bilingual brain observed postmortem is often far more severe than 
the symptoms would have suggested during life, strengthening the argu-
ment that an active brain can enhance cognitive functioning even in the 
presence of AD pathology (Schweizer, Ware, Fischer, Craik, & Bialystok, 
2012). Finally, other cognitively stimulating activities performed regularly 
during life such as reading and playing games have also been shown to 
be associated with enhanced cognitive function even in the presence of 
AD pathology in a longitudinal study (Negash et al., 2013).

One interpretation of these findings is that a lifetime of cognitive com-
plexity builds up a “reserve” that allows the brain to better cope with the 
insults of pathology, requiring a more advanced pathological state before 
cognitive decline becomes apparent. This reserve may exist in two forms, 
brain reserve or cognitive reserve. Brain reserve typically refers to greater 
physical content of the brain, which means that the individual starts with 
more brain matter before decay begins, so more decay needs to happen 
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before cognitive symptoms are observed. Cognitive reserve usually refers 
to increased efficiency or alternate neural pathways that allow for intact 
cognitive functioning in spite of advanced decay. In this section we will 
examine the evidence for the protective effects of brain and cognitive 
reserve on AD risk.

Brain Reserve

Brain reserve hypothetically decreases risk for AD by increasing the 
quantity of brain tissue, which could mean that a greater extent of degen-
eration would need to occur before symptoms are manifested (Steffener & 
Stern, 2012). This could potentially be achieved by greater brain volume or 
high neuronal density. Greater brain volume has previously been associ-
ated with a reduction of AD symptoms (Mori et al., 1997). Individuals with 
higher education levels have greater gray matter volumes of areas that are 
typically affected by AD, such as the entorhinal cortex, suggesting that these 
areas are built up during complex experiences like education and are there-
fore more resistant to degeneration after onset of AD pathology (Serra et al., 
2011). The hippocampus is one of the primary brain structures involved in 
learning and memory, and lower hippocampal volume has been associated 
with impaired recall (Mortimer, Gosche, Riley, Markesbery, & Snowdon, 
2004). Exercises requiring periods of sustained learning have been associ-
ated with persisting changes in gray matter, particularly in the hippocampus 
(Draganski et al., 2006). Further, individuals who report a lifetime of greater 
cognitive complexity also have a reduced rate of hippocampal degeneration 
during aging (Valenzuela, Sachdev, Wen, Chen, & Brodaty, 2008). Older 
individuals who remain cognitively intact exhibit hippocampal activation 
similar to that of young individuals, indicating that preserved hippocampal 
functioning may mean the difference between normal aging and dementia 
(Persson, Kalpouzos, Nilsson, Ryberg, & Nyberg, 2011). Therefore, a lifetime 
of cognitive complexity may protect against cognitive decline by preventing 
hippocampal degeneration and thus preserving function.

Brain reserve can also be theoretically achieved through increasing 
neuronal or gray matter density. Learning a second language is associ-
ated with increased gray matter density (Mechelli et al., 2004). Similarly, 
participating in musical training is also known to increase gray matter 
density in areas of the brain important for memory and higher-level cog-
nitive processes (James et al., 2014). These results are meaningful because 
a higher neuronal density has been linked to a slower cognitive decline, 
so activities that enhance neuronal density may slow the progression 
of Alzheimer’s symptoms (Wilson, et  al., 2013). White matter (myelin) 
also degenerates during aging, but cognitively active individuals such 
as lifetime bilinguals maintain their white matter for a longer time (Luk, 
Bialystok, Craik, & Grady, 2011). Cognitive training has also been shown 
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to increase myelination, even in older adults, resulting in enhanced con-
nectivity (Engvig et al., 2012; Lövdén et al., 2010; Takeuchi et al., 2010). 
Additional support for this result comes from experiments in middle 
age rats, in which EE can increase myelination and improve cognitive 
performance (Qiu et al., 2012). These studies provide evidence that cog-
nitive complexity can increase the amount and density of brain matter, 
potentially requiring a greater amount of damage before reaching a point 
where symptoms of dementia are apparent.

Cognitive Reserve

While cognitive complexity may build up a structural brain reserve, 
individuals who have experienced a lifetime of cognitive complexity 
sometimes show extensive brain decay at time of death and yet are still 
able to remain cognitively intact, suggesting that their brains were some-
how better able to deal with the degeneration (Iacono et al., 2009). These 
observations led to the formulation of the cognitive reserve hypothesis 
(Stern, 2002). In this hypothesis, a lifetime of cognitive complexity builds 
up a reserve of alternate neural connections and greater efficiency in brain 
processing, acting as an architectural and metabolic buffer for the brain, 
making it less affected by neurodegeneration (Foubert-Samier et al., 2012; 
Yaakov Stern, 2009). Cognitive reserve may account for why older indi-
viduals with higher levels of education are able to perform better at cogni-
tive tasks in spite of comparable reductions in gray matter (Steffener et al., 
2014). Similarly, when white matter begins to degenerate during the early 
stages of AD, experiences associated with greater cognitive complexity 
such as education and bilingualism may also protect against this degen-
eration and allow normal functioning to occur for longer before cognitive 
decline becomes apparent (Brickman et al., 2011; Gold, Johnson, & Powell, 
2013; Molinuevo et al., 2014; Schweizer et al., 2012). Indeed, while higher 
levels of self-reported cognitive activity (such as reading and writing) 
in early life were associated with reduced levels of PiB, higher levels of 
self-reported cognitive activity in late life were not significantly associ-
ated with lower levels of PiB, suggesting that late life enrichment may 
not be able to reverse amyloid pathology, but may still improve cognitive 
function (Landau et al., 2012). In a recent longitudinal study, higher cogni-
tive activity in youth and higher cognitive activity in old age were both 
independently associated with greater cognitive functioning in old age, 
regardless of brain pathology, suggesting again that cognitive activity can 
neutralize the detrimental effects of AD pathology (Wilson, Boyle, et al., 
2013). Evidence for cognitive reserve is also observed in mouse models. 
In the Tg2576 mouse model of AD, exposure to EE prior to the onset of 
pathology had a lasting effect into aging, mitigating the effects of AD 
pathology and slowing cognitive decline (Verret et al., 2013).
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It has been previously shown that during AD, alternate pathways are 
recruited in the brain during a task, compared to cognitively intact age-
matched controls, indicating that the brain may be trying to redirect 
processing around pathology-damaged connections (Stern et  al., 2000). 
Multiple studies have shown that a greater cognitive reserve resulted in a 
protection of cognitive function, even when the extent of amyloid pathol-
ogy, measured in the CSF and by PiB, would have otherwise predicted 
cognitive impairments (Dumurgier et  al., 2010; Rentz et  al., 2010; Roe 
et al., 2008; Soldan et al., 2013; Sole-Padulles et al., 2011; Yaffe et al., 2011). 
An individual who has experienced a lifetime of cognitive complexity 
may have cultivated a system of alternate connections, and may subse-
quently be in a better position to make functionally relevant alternate con-
nections when pathology begins to damage the brain. Indeed, an analysis 
of metabolic brain usage in highly educated pre-AD individuals showed 
higher levels of activation in certain parts of the brain, compared to their 
poorly educated cohorts, indicating that they were better able to utilize 
their brain resources and recruit alternate pathways (Morbelli et al., 2013; 
Perneczky et al., 2006). It has also been hypothesized that bilingual indi-
viduals may make more efficient use of their neural resources, allowing 
them to function normally for a longer period of time (Guzmán-Vélez &  
Tranel, 2015). Interestingly, the benefits of bilingualism are greater in low-
educated populations compared to high-educated populations, suggest-
ing that reserve is limited, and there may be multiple ways to acquire a 
cognitive reserve (Gollan, Salmon, Montoya, & Galasko, 2011).

Higher education and greater cognitive complexity can also mitigate 
the increased risk of AD from carrying the APOE4 allele. The APOE gene 
is one of the genetic factors associated with an increased risk of LOAD. 
Of the three human isoforms (APOE2, APOE3, and APOE4) carrying one 
copy of the APOE4 allele increases the lifetime risk of AD from 10–15% 
to about 20–30%, while carrying two copies of the APOE4 allele increases 
risk to 50–60% (Genin et  al., 2011). In one study, individuals with high  
levels of cognitive reserve and carrying the APOE4 allele had a compa-
rable AD risk to individuals without a copy of APOE4 (Ferrari et al., 2014). 
In addition, APOE4 carriers with a high cognitive reserve had a later onset 
for AD (Ferrari et al., 2013). Prior to the onset of symptoms, APOE4 carriers 
with a greater cognitive reserve also had reduced PiB uptake, indicating 
reduced amyloidosis (Wirth, Villeneuve, La Joie, Marks, & Jagust, 2014). 
Finally, cognitive reserve resulting from high levels of education has been 
shown to be just as protective in APOE4 carriers as in non-APOE4 carriers 
(Garibotto et al., 2012). These results suggest that cultivating a cognitive 
reserve throughout life may be particularly beneficial for individuals at 
greater genetic risk for AD.

In addition to slowing the onset of cognitive impairment, the cognitive 
reserve may also delay the conversion from mild-cognitive impairment 
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(MCI) into AD dementia. One recent study showed that while the initial 
AD-related decline began around the same time in individuals with either 
high or low cognitive reserve, the conversion to dementia was delayed by 
approximately seven years in the high cognitive reserve group (Amieva 
et al., 2014). In a postmortem analysis, level of education was found to 
temper the effects of amyloidosis (greater education, greater cognitive 
function in spite of amyloidosis), but not the effects of neurofibrillary 
tangles (Bennett et al., 2005a).

The hyperphosphorylation of tau and the formation of neurofibrillary 
tangles is another hallmark of AD pathology and likely indicates a later 
and more severe disease state (Sperling et al., 2011). This may suggest that 
cognitive reserve can offer protection at earlier stages of pathology (Abner 
et al., 2011; Soldan et al., 2013; Wilson et al., 2004). In line with this idea, it 
has been shown that while cognitive reserve confers a protective effect at 
all stages of amyloid pathology, cognitive reserve is less protective when 
levels of tau and phosphorylated tau are high in the CSF, a phenom-
enon that may occur in the more advanced stages of the disease (Soldan 
et al., 2013). However, even when levels of tau and phosphorylated tau 
are high in the CSF, the time to conversion to dementia is modified by 
level of education, indicating that even in an advanced pathological state 
the cognitive reserve may be slowing disease progression (Roe et  al., 
2011). Interestingly, evidence from mouse models suggests that EE can 
modify tau pathology. In the 3xTG-AD mouse model of AD, mice that 
spent time learning a memory task after the onset of pathology exhibited 
improved memory and reduced severity amyloid and tau pathology, as 
well as reduced GSK3-β activity, a kinase that may be responsible for the 
hyperphosphorylation of tau in AD (Billings et al., 2007). Similarly, in the 
APPswe/PS1ΔE9 mouse model of AD, EE reduced hyperphosphorylated 
tau in the hippocampus (Hu et al., 2010). Therefore, even though cognitive 
reserve may be most effective in preventing the onset of AD or mitigating 
the effects of the earlier stages of pathology, engaging in cognitively com-
plex experiences may still offer some benefit to individuals with a more 
severe form of AD by slowing the rate of cognitive decline.

THE BENEFITS OF COGNITIVE COMPLEXITY 
FOLLOWING THE ONSET OF DEMENTIA

Following the onset of dementia, cognitive complexity may still offer 
some benefit in slowing decline of cognitive functioning and improving 
quality of life (Liberati, Raffone, & Olivetti Belardinelli, 2012). Participation 
in cognitively engaging activities can be particularly effective in slowing 
the progression of cognitive impairment early after the onset of symp-
toms (Treiber et al., 2011). A review of clinical trials examining the effect 
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of cognitive stimulation therapy (CST) showed that regular participation 
in activities such as solving puzzles, playing games, and participating in 
social activities can improve functioning in people with moderate demen-
tia (Woods, Aguirre, Spector, & Orrell, 2012). CST seems to be particularly 
beneficial for memory and language-related functioning (Hall, Orrell, 
Stott, & Spector, 2013). Cognitive training for two months improved mem-
ory and increased activation in the hippocampus of persons with MCI 
(Rosen, Sugiura, Kramer, Whitfield-Gabrieli, & Gabrieli, 2011). CST (via a 
mneumonic training task) increased activity in the hippocampus of MCI 
patients during both encoding and retrieval of the memories (Hampstead, 
Stringer, Stilla, Giddens, & Sathian, 2012). Another review showed that 
CST could improve memory and general cognition in people with AD 
(Olazarán et  al., 2010). Indeed, CST has been shown to improve cogni-
tion, and analysis by fMRI showed changes in the neural circuitry that 
seem to indicate the AD brain retains some elements of plasticity (Baglio 
et al., 2015; Belleville et al., 2011). Additional evidence for this plasticity 
comes from event-related potential (ERP; which measures electrical activ-
ity in the brain) studies on individuals with AD who show alterations 
in ERP response following cognitive training (Spironelli, Bergamaschi, 
Mondini, Villani, & Angrilli, 2013). These effects seem to be specific to 
CST, as CST improves memory function even relative to other therapeutic 
interventions such as occupational therapy (Mapelli, Di Rosa, Nocita, & 
Sava, 2013). Small clinical trials have shown that CST and involvement in 
artistic activities stabilized cognition and improved quality of life for both 
patients and caregivers (Maci et al., 2012; Viola et al., 2011). The benefits 
of CST appear to be long lasting, and may extend at least as long as 10 
years following the therapy (Luttenberger, Hofner, & Graessel, 2012). CST 
may be particularly beneficial when combined with typical pharmaco-
logical interventions used for AD. In combination with a cholinesterase 
inhibitor, CST resulted in enhanced cognition compared to the drug alone, 
indicating that cognitive stimulation may be a valuable component of a 
multiapproach therapy for AD (Matsuda et al., 2010; Onder et al., 2005; 
Orrell et al., 2014).

CST can be achieved by multiple methods. One possible form of CST is 
studying a language later in life, which could offer some value as a form 
of neuroprotection, since this task involves a complex pathway, perhaps 
more so than other cognitively demanding tasks (Antoniou, Gunasekera, &  
Wong, 2013). Another way to enhance the effectiveness of CST could be to 
use music. Patients with AD experience better memory formation when 
information is sung rather than spoken, indicating a cognitive benefit may 
exist for musical training (Simmons-Stern, Budson, & Ally, 2010). One 
challenge for CST for treatment of dementia is that it can be difficult to 
teach the task. Video game training shows some promise as a means of 
cognitive stimulation therapy. Research groups are working on making 
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video games intuitive to learn for people suffering from dementia (Boulay, 
Benveniste, Boespflug, Jouvelot, & Rigaud, 2011). It may even be possible 
to provide CST of this kind over the Internet, increasing availability and 
access (Tarraga et al., 2006). In summary, current evidence suggests that 
access to cognitively stimulating materials such as puzzles, games, and 
memory exercises may improve quality of life in the already demented 
(Bharwani, Parikh, Lawhorne, VanVlymen, & Bharwani, 2012).

PHYSICAL ACTIVITY AND EXERCISE

Physical activity has been proposed as one way to potentially modu-
late AD risk and progression due to the increase in hippocampal volume 
and activity in humans, and even in older, healthy humans who are 
more physically active (Niemann, Godde, & Voelcker-Rehage, 2014; Shah 
et al., 2014; Varma, Chuang, Harris, Tan, & Carlson, 2015). In rodents too, 
access to a running wheel has profound effects on areas of the brain com-
monly affected in AD, such as the hippocampus (for recent review, see 
Hooghiemstra, Eggermont, Scheltens, van der Flier, & Scherder, 2012). In 
the 3xTG-AD mouse model of AD, mice that had access to a running wheel 
had decreased pathology and reduced cognitive impairment (Garcia-Mesa 
et  al., 2011). Also in the 3xTg-AD model following the onset of pathol-
ogy, access to a running wheel rescued deficits in proteins important for 
synaptic function normally reduced in this mouse model, such as NR2B 
PSD-95, synaptophysin, GDNF, and SIRT1 (Revilla et  al., 2014). Similar 
results were observed in the Tg2576 mouse model of AD in which access 
to a running wheel lessened AD-related brain pathology and improved 
performance in a memory task (Nichol, Parachikova, & Cotman, 2007; 
Parachikova et al., 2008; Yuede et al., 2009). In the APPswe/PS1ΔE9 mouse 
model of AD, physical activity also improved spatial memory and reduced 
AD-related pathology (Tapia-Rojas, Aranguiz, Varela-Nallar, & Inestrosa, 
2015). In a mouse model of APOE4 carriers, access to a running wheel 
improved performance on a memory task to resemble the performance by 
mice not carrying APOE4 (Nichol et al., 2009). Voluntary running may also 
ameliorate tau-related pathology, as experiments in the THY-Tau22 mouse 
model of AD have shown (Belarbi et al., 2011). However, other evidence 
suggests that exercise may be less effective as a therapy in more advanced 
stages of tau-related pathology (Ohia-Nwoko, Montazari, Lau, & Eriksen, 
2014). The molecular mechanism behind this benefit is still under investi-
gation, but may include reducing oxidative stress, preventing degenera-
tion, increasing neurogenesis, or enhancing neuroprotective factors and 
signaling pathways involved in learning and memory (Dao, Zagaar, & 
Alkadhi, 2014; Herring et  al., 2010; Mirochnic et  al., 2009). Importantly, 
the molecular pathways that underlie memory improvements in AD may 
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be different from those underlying memory improvements in healthy 
individuals, and further studies will be required to identify the pathways 
modulated by physical activity in AD specifically (Rao et al., 2015).

However, some evidence suggests that physical activity may not 
improve AD-related pathology in mouse models. For example, one study 
found no beneficial effect of wheel running on memory performance in 
the TgCRND8 mouse model of AD following the onset of pathology, and 
even observed a worsening of amyloid pathology in the wheel running 
group (Richter et al., 2008). Another study showed that initiating treadmill 
running in APP/PS1 mice after the onset of pathology improved memory, 
but did not improve brain amyloid pathology (Zhao, Liu, Zhang, & Tong, 
2015). Treadmill running in the APP/PS1 mouse model did prevent degen-
eration of myelin in the hippocampus, offering one potential mechanism 
for the protective effect observed on memory (Chao et al., 2015). Some of 
the discrepancy in the literature regarding the effect of physical activity 
on AD may arise from the use of different mouse models of AD, as well as 
when in the disease course and for how long the wheels are introduced. 
However, early data in human trials is also conflicting. Preliminary evi-
dence from a cross-sectional study suggested that greater physical activity 
may reduce risk for AD (Okonkwo et al., 2014). Another report suggests 
that greater physical activity results in a lower risk for AD (Nikolaos 
Scarmeas et al., 2009). One clinical trial showed that greater participation 
in physical activity reduced risk for MCI or AD (Schlosser Covell et al., 
2015). However, other studies do not find a correlation between reduced 
physical activity and dementia risk (Paganini-Hill, Kawas, & Corrada, 
2015). Therefore it is not clear whether in humans the effect of physical 
activity on cognitive performance is as great as the effect of cognitive 
leisure activities, such as reading and writing (Lautenschlager et al., 2008; 
Scarmeas, Levy, Tang, Manly, & Stern, 2001).

Although this is not an easy task to address in mice and its translat-
ability may be questionable, this issue is, to some extent, controversial in 
the mouse too. Thus, some studies in mouse models of FAD have shown 
that voluntary wheel running does or does not (Nichol et al., 2007; Nichol 
et  al., 2008; Wolf et  al., 2006) improve memory or increase markers of 
brain plasticity such as neurogenesis in a mouse model of AD, whereas 
total enrichment does enhance memory and plasticity in the same mouse 
model of AD (Wolf et al., 2006). Similar results were observed in another 
study, where physical activity was not enough to improve pathology, 
but cognitive stimulation in addition to physical activity did improve 
memory function (Cracchiolo et al., 2007). For this reason, physical activ-
ity may be most effective when combined with multiple types of leisure 
activities (Karp et  al., 2006). Indeed, physical activity may enhance the 
effects of cognitive stimulation therapy (Thiel et  al., 2012). A recently 
published clinical trial showed that targeting physical activity, diet, and 
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cognitive training together could be a promising therapeutic approach for 
improving cognition in individuals with AD (Ngandu et al., 2015). Other 
clinical trials investigating the effect of physical activity on AD are cur-
rently underway and more work will need to be done to determine the 
effects of physical activity on AD risk and progression, either alone or in 
conjunction with other interventions (Hardman, Kennedy, Macpherson, 
Scholey, & Pipingas, 2015; Yu et al., 2014).

CHEMICAL EXPOSURE AND AD RISK

It is thought that pesticides may have many effects on the brain. Thus, 
exposure to pesticides may be another environmental factor influenc-
ing AD risk (for review see Casida & Durkin, 2013). A challenge when 
studying the effect of pesticide exposure on the development of AD is 
that pesticides may cause comorbidities that could perhaps in turn influ-
ence the development of AD, or cause death before AD has a chance 
to develop. Some studies have suggested that exposure to pesticides 
increases risk for AD (Hayden et al., 2010; Parrón, Requena, Hernández, & 
Alarcón, 2011; Singh et al., 2013; Tyas et al., 2007). For example, exposure 
to dichlorodiphenyltrichloroethane (DDT), a ubiquitous mid-twentieth 
century pesticide, has recently been linked to an increased risk for AD 
(Richardson et al., 2009). Dichlorodiphenyldichloroethane (DDE; a deriva-
tive of DDT) was found to be higher in the serum of individuals with AD, 
and increased levels of DDE in the serum were correlated with increased 
levels of DDE in the brain. In addition, DDT concentrations that corre-
late to levels of what is considered high exposure in humans have been 
shown to increase the level of APP in cultured neurons, offering a poten-
tial mechanistic link to AD risk (Richardson et al., 2014). Although DDT 
use is infrequent in the United States, it is still used in some countries, 
and food from these countries is imported to countries not using DDT, 
making DDT exposure a continuing global concern (Eskenazi et al., 2009). 
Pesticides other than DDT and DDE are also under investigation. The 
pesticide chlorpyrifos appears to increase Aβ in the brains of the Tg2576 
mouse model of AD (Salazar et  al., 2011). Rotenone, a commonly used 
pesticide and insecticide, may cause degeneration of cholinergic neurons 
(Ullrich & Humpel, 2009). It has also been suggested that pesticides may 
be contributing to AD pathology by creating reactive oxygen species in 
the brain (Leuner et  al., 2012). These preliminary experiments indicate 
that more work should be done to determine the contribution of pesticide 
exposure to AD risk and disease progression.

Genetic factors may play a critical role in susceptibility to chemically-
induced risk for AD and should be considered in future experiments. 
The presence of the APOE4 allele is thought to worsen the cognitive 
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impairments due to DDE (Richardson et  al., 2014). Two other genes, 
CYP2D6 and GSTP1, have recently been identified to interact with certain 
pesticide and metal products, suggesting that individuals with these par-
ticular polymorphisms may perhaps be at increased risk for pesticide or 
metal-induced AD (Singh, Banerjee, Bala, Basu, & Chhillar, 2014).

It is important to note that the data for pesticide exposure on AD risk is 
still in the early stages and the results are occasionally conflicting (Tanner, 
Goldman, Ross, & Grate, 2014). For example, some studies do not find 
an association between organochlorine pesticides and increased AD risk, 
while other studies suggest an association does exist (Medehouenou et al., 
2014; Singh et al., 2013; Tanner et al., 2014). Therefore, it is important to 
continue to research the role of pesticides in AD to determine which com-
pounds increase risk for AD, especially since pesticides may still be an 
important part of improving health in developing countries. Longitudinal 
studies should help assess the effects of pesticide exposure, which other-
wise may not be immediately apparent (Baldi et al., 2003).

METALS

In addition to pesticides, exposure to metals in the environment may 
modulate AD risk. Metals seem to be particularly important in regulating 
amyloid pathology in AD. For example, copper, lead, and aluminum have 
been shown to be increased in AD brains, while zinc, selenium, and man-
ganese are decreased (Gonzalez-Dominguez, Garcia-Barrera, & Gomez-
Ariza, 2014). High levels of copper in the brain have been linked to AD, 
and increased copper exposure appears to worsen memory function (Pal, 
Siotto, Prasad, & Squitti, 2015; Yu et al., 2015). Presenilin has been sug-
gested to play a role in copper uptake from the diet, thus dysfunction 
of presenilin may lead to defective copper uptake (Southon et al., 2013). 
Other studies have shown that copper interacts with Aβ and disrupts its 
homeostasis (Hou & Zagorski, 2006; Singh et al., 2013). In addition, copper 
decreases the activity of neprilysin, which is important for the degrada-
tion of Aβ (Li et al., 2010). One means of exposure to high levels of copper 
may be through the presence of copper in the soil, and thus food. In that 
regard, higher levels of copper and iron in the soil have been associated 
with increased AD severity (Shen, Yu, Zhang, Xie, & Jiang, 2014). It has 
been suggested that a diet with low copper may be one treatment strategy 
for the prevention of AD (Squitti, Siotto, & Polimanti, 2014).

Interestingly, in one study mice modeling AD were fed zinc and sub-
sequently showed reduced levels of amyloidosis and copper, suggesting 
that zinc may prevent absorption of copper from the diet (Harris et al., 
2014). Some studies suggest that zinc is deficient in AD, and that supple-
menting zinc into the diet, along with other nutrients, may ameliorate 
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symptoms (Loef, von Stillfried, & Walach, 2012). However, in a mouse 
line modeling APOE4 carriers, additional zinc in the diet worsened per-
formance on a spatial memory task, indicating that additional research 
on zinc and AD risk is necessary (Flinn, Bozzelli, Adlard, & Railey, 2014). 
Indeed, some studies have shown that zinc levels tend to be higher in 
postmortem AD brain, and a positive correlation may exist between levels 
of amyloid and zinc (Religa et al., 2006). In addition, zinc has been shown 
to increase APP cleavage and Aβ deposition in the brain of a mouse model 
of AD (Wang et  al., 2010). In a nun study, serum levels of zinc within 
the normal range were associated with lower plaque density, suggesting 
that zinc may be an important modulator of APP (Tully, Snowdon, & 
Markesbery, 1995). Ultimately, imbalance in metals may lead to a more 
oxidating environment in the brain, which may in turn exacerbate AD 
symptoms (Stelmashook et al., 2014). Therefore, it may be most critical to 
maintain an optimal balance of metals in the brain in AD so that metals are 
present when needed, but not exceeding an optimal level and resulting in 
an oxidating environment. More research will need to be done to unravel 
the role of metals in the development of the disease and to determine the 
dose-dependent effect of metal exposure.

AIR POLLUTION AND TOBACCO SMOKE

Recently, the effects of air pollution (which consists of particulate mat-
ter and ozone) on cognitive decline have received increased attention. 
Individuals who live in an area with high air pollution have been shown 
to have higher postmortem levels of inflammatory markers and greater 
levels of Aβ42 (Calderon-Garciduenas et al., 2004). It has also been shown 
that prolonged exposure to air pollution increases risk of AD (Jung, Lin, &  
Hwang, 2015). Similarly, individuals who are exposed long-term to high 
pollution levels experience accelerated cognitive decline (Weuve et al., 2012). 
Alarmingly, one study showed that children raised in areas with high levels 
of pollution exhibit abnormalities in brain volume and function (Calderón-
Garcidueñas, Torres-Jardón, Kulesza, Park, & D’Angiulli, 2014). For example, 
in a group of accidental death postmortem analysis, nearly half of children 
from urban areas exhibited plaque and tangle pathology, compared to none 
of the children growing up in low pollution areas (Calderón-Garcidueñas 
et  al., 2012). Interestingly, consuming dark cocoa decreased endothelin 1 
(which is increased following exposure to pollution) in the hippocampus 
of urban children, suggesting that the negative effects of pollution may 
be countered by positive nutritional interventions (Calderón-Garcidueñas 
et al., 2013). In addition to air pollution, exposure to tobacco smoke may 
increase risk for AD. Individuals who smoke have an increased risk for 
AD (Anstey, von Sanden, Salim, & O’Kearney, 2007; Cataldo, Prochaska, & 
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Glantz, 2010). Even second-hand or “environmental” or “passive” smoke 
exposure may increase the risk for AD (Chen, 2012). In rats, exposure to 
air with tobacco smoke appeared to increase the aging of the brain and the 
expression of AD pathology (Ho et al., 2012). The mechanism for the effect 
of pollution on AD risk is still under investigation, however there is some 
evidence that pollution may be interfering with the integrity of the blood–
brain barrier (Calderón-Garcidueñas et al., 2015). Studies on air pollution 
and AD risk are still in the early stages, and more studies are warranted for 
the determination of the effect of air quality on the risk for AD.

NUTRITION AND THE MICROBIOME

Another way the composition of the environment may impact brain 
function is through nutrition. Certain nutritional factors may alter the 
oxidative environment of the brain, while others may alter the composi-
tion of the endogenous bacteria in the gut, which can have profound 
repercussions on learning and memory. In this section we review recent 
literature concerning the effects of diet and AD risk.

Nutritional Elements that Decrease AD Risk

Much of the work on nutrition and AD risk has focused on the effects 
of individual nutritional elements. For example, one study showed that 
fruits such as black currants and bilberries lessen AD pathology in the 
APP/PS1 mouse model of AD (Vepsäläinen et al., 2013). Similarly, addi-
tion of pomegranate extract to the diet of another mouse model of AD 
improved performance on memory tasks (Subash et  al., 2015). In a cell 
culture study, cocoa powder extract was able to promote brain-derived 
neurotrophic factor (BDNF) signalling, even in the presence of Aβ (Cimini 
et al., 2013). An extract from green tea, epigallocatechin gallate (EGCG), 
has been shown to improve memory in a mouse model of AD (Walker 
et al., 2015). Long-term treatment with resveratol, a nutritional element 
from red wine, was found to decrease cognitive impairments and AD 
pathology in a mouse model of AD (Porquet et  al., 2013). Resveratol 
derivatives have been shown to rescue Abeta-induced impairments in 
LTP (Wang et al., 2014). Taken together, these studies show that individual 
nutritional elements have the potential to influence AD risk.

The benefits of the foods described above are typically attributed to 
their antioxidant properties, and indeed, nutrients that act as antioxidants, 
such as vitamin E, beta carotene, and vitamin C can lower the risk of AD 
(Li, Shen, & Ji, 2012). However, some nutritional elements may be directly 
interacting with pathological components. EGCG and curcumin have 
been shown to have antiamyloidogenic properties, including the ability 
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to regulate neprilysin activity, likely resulting in greater clearance of Aβ 
(Hyung et al., 2013; Melzig & Janka, 2003; Wang et al., 2014). Other com-
pounds such as resveratrol may modulate tau pathology by regulating the 
activity of GSK3-β, an enzyme that can lead to the hyperphosphroylation 
of tau (Varamini, Sikalidis, & Bradford, 2014). Nutritional elements from 
apples may also directly interact with the molecular components of AD 
(Hyson, 2011). Apple juice concentrate has been shown to increase avail-
ability of acetylcholine, a neurotransmitter reduced in AD (Chan, Graves, & 
Shea, 2006). Nutrition can also modulate the activity of presenilin, a protein 
that is mutated in some forms of familial, early-onset AD. While deficits in 
folate and vitamin E enhance presenilin activity and increase levels of Aβ, 
apple juice can reduce this overactivity (Chan & Shea, 2006, 2007, 2009). 
Interestingly, in a religious order study, those with higher levels of folate in 
the blood were more likely to be cognitively intact in spite of the presence 
of AD pathology (Snowdon, Tully, Smith, Riley, & Markesbery, 2000; Wang 
et al., 2012). Therefore, increasing folate through apple consumption may 
enhance cognitive function by regulating presenilin activity and rescuing 
amyloid-induced degeneration. Another nutritional element, caffeine, has 
also been shown to decrease cognitive impairments and Abeta levels in 
mouse models of AD (Arendash et al., 2006; Chu et al., 2012; Han, Jia, Li, 
Yang, & Min, 2013; Laurent et  al., 2014). Additional benefits of caffeine 
include increased absorption of zinc and inhibition of acetylcholinesterase, 
an enzyme that may be increased in AD and responsible for causing the 
reduction in acetylcholine (Chang & Ho, 2014; Pohanka & Dobes, 2013).

Although studying individual foods and nutritional elements can 
be illuminating, it is likely more relevant to study patterns of eating 
(Eskelinen, Ngandu, Tuomilehto, Soininen, & Kivipelto, 2011). Studies on 
the Mediterranean diet have indicated that following a diet high in fruits, 
vegetables, extra virgin olive oil, and low in meat products and sugar are 
beneficial in lowering the risk of AD and slowing the rate of cognitive 
decline in humans and in mouse models of AD (Grossi et al., 2013, 2014; 
Gu, Nieves, Stern, Luchsinger, & Scarmeas, 2010; Lourida et  al., 2013; 
Ozawa et al., 2013; Shah, 2013; Singh et al., 2014; Vassallo & Scerri, 2013). 
In twin studies, a nonsignificant trend toward decreased risk of AD was 
observed in the twin with a diet higher in fruits and vegetables (Gustaw-
Rothenberg, 2009; Hughes et  al., 2010). These observations have led to 
the development of multinutrient interventions in mouse models of AD, 
which have been shown to improve learning and memory and decrease 
AD-related pathology (Jansen et  al., 2013; Jansen et  al., 2014; van Wijk 
et al., 2014; Wiesmann et al., 2013).

While a diet consisting primarily of fish and vegetables may decrease 
risk of AD, these lifestyle factors may instead be indicative of an overall 
healthier lifestyle that reduces risk for AD. Thus, more targeted research 
should be done on dietary factors to determine whether they are the 
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causative factors behind the observed modulation of AD risk (Barberger-
Gateau et al., 2007). That may also help resolve some conflicting evidence 
concerning some dietary interventions. For example, a meta-analysis of 
antioxidant consumption found that antioxidants do not delay or prevent 
AD in humans (Crichton, Bryan, & Murphy, 2013; Polidori & Nelles, 2014). 
A similar result was found in a meta-analysis of the Mediterranean diet 
(Otaegui-Arrazola, Amiano, Elbusto, Urdaneta, & Martínez-Lage, 2014). 
Another study even showed that in a mouse model of AD a diet heavy in 
fish and vegetables exacerbated memory impairments (Parrott, Winocur, 
Bazinet, Ma, & Greenwood, 2015). Conflicting evidence also exists con-
cerning the risk of high cholesterol on AD. Two 30-year longitudinal stud-
ies reached opposite conclusions regarding the risk of high cholesterol as 
a risk for AD (Mielke et al., 2010; Solomon, Kivipelto, Wolozin, Zhou, & 
Whitmer, 2009). Therefore, more work should be done on dietary patterns 
and risk for AD, particularly in the context of other factors known to 
modify risk for AD. In the meantime, the most recent recommendations 
for a diet aimed at minimizing risk for AD include reducing consump-
tion of foods high in saturated fats (particularly from dairy and meat); 
increasing consumption of vegetables and legumes; limiting consumption 
of metals such as copper, iron, and aluminum; and incorporating regular 
aerobic exercise (Barnard et al., 2014; Shea & Remington, 2015).

Nutrition and Increased Risk for AD

Dietary foods and patterns that have been shown to reduce risk for 
AD may also be doing so by counteracting the effects that a poor diet 
has on increasing risk for AD. Diets high in cholesterol and fat may be 
particularly problematic. High-fat diets increase risk for Type 2 diabetes 
and negatively affect cardiovascular health. Diabetes and poor cardiovas-
cular health are factors that may increase risk for AD and indeed, poor 
vascular health was associated with more severe cognitive decline in a 
nun study (Reitz & Mayeux, 2014; Snowdon et al., 1997). Diets high in fat 
have also been shown to worsen behavior impairments and Aβ pathology 
in a mouse model of AD (Barron, Rosario, Elteriefi, & Pike, 2013). A diet 
high in cholesterol has been shown to lead to impaired spatial memory, 
decreased numbers of cholinergic neurons (a neuronal population par-
ticularly vulnerable in AD), and increased Aβ42 and phosphorylated tau in 
the brains of rats and in a mouse model of AD (Ehrlich & Humpel, 2012; 
Park et al., 2013). Indeed, a high-fat diet also increased GSK3-β activity, 
which correlated with increases in phosphorylated tau in the hippocam-
pus, offering a mechanism for how high-fat diets may be exacerbating 
AD pathology and cognitive decline (Bhat & Thirumangalakudi, 2013).

It is particularly important to consider high cholesterol diets in the 
presence of APOE4, since this gene is involved in lipid metabolism (Lim, 
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Kowgier, Yu, Buchman, & Bennett, 2013). In a mouse model of an APOE4 
carrier, high carbohydrate diets led to increased memory impairments 
and reductions in BDNF (Maioli et  al., 2012). Also, while eating fatty 
fish may decrease the risk for AD in many individuals, the effect is not 
as pronounced if the person is a carrier of APOE4 (Huang et al., 2005). 
Clinical studies on fatty acid supplementation in AD are still in early 
stages and appear to have some beneficial effects, but it will be important 
to consider the contribution of the APOE4 allele on such interventions 
(Faxen-Irving et al., 2013; Shinto et al., 2014). Interestingly, while a high-
fat diet increased AD pathology in a mouse model of AD, experience 
in an enriched environment reversed these effects, nicely demonstrat-
ing the interaction between environmental components in modulating 
AD (Maesako, Uemura, Kubota, Kuzuya, Sasaki, Asada, et  al., 2012). 
Similarly, physical exercise was also able to counter the effects of a high-fat  
diet, possibly by increasing the degradation of Aβ (Maesako, Uemura, 
Kubota, Kuzuya, Sasaki, Hayashida, et al., 2012). In addition, caffeine can 
prevent cognitive impairments in mice fed a high-fat diet and increased 
BDNF in the hippocampus (Moy & McNay, 2013). These experiments 
again demonstrate that the environment includes many factors that mod-
ulate risk for AD, and positive factors such as exercise and cognitive 
complexity can counteract negative factors such as poor diet.

Microbiome

Another way nutrients from the diet may be impacting the brain is by 
interacting with the resident gut microbiota. A recent study showed that a 
diet high in fat resulted in memory impairments in mice, with associated 
changes in the microbiome (Jorgensen et al., 2014). Interestingly, caffeine, 
which as we previously discussed can reverse the effects of a high-fat 
diet, may interact with certain gut microbes, suggesting that a healthy 
microbiome may mediate some of the effects of caffeine on the treatment 
of AD (Chang & Ho, 2014).

Recent studies have shown that a healthy microbiome may be a criti-
cal part of cognitive functioning. The composition of the microbiota has 
been shown to modify learning and memory (Li, Dowd, Scurlock, Acosta-
Martinez, & Lyte, 2009). Certain strains of microbiota have been shown 
to improve learning and memory in mice (Matthews & Jenks, 2013). 
Interestingly, certain microbiota profiles can be correlated with perfor-
mance on memory tests (Jorgensen et  al., 2014). The microbiome has 
been shown to modify many aspects of brain signaling including GABA, 
NMDA, and BDNF (for review see Bhattacharjee & Lukiw, 2013). While 
more work needs to be done on how the microbiome affects alterations in 
the brain, it is clear that a healthy microbiome contributes to brain health 
and reduces risk of brain disorders.
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The environment, particularly during early life, can shape the micro-
biome, through stress, diet, antibiotics, or other measures (O’mahony, 
Hyland, Dinan, & Cryan, 2011). It has been proposed that individuals who 
suffer from irritable bowl syndrome, likely resulting from a disruption of 
optimal microbiota functioning, may be at an increased risk for dementia 
(Daulatzai, 2014). Gut microbiota may also underlie changes in type 2 diabe-
tes, which in turn predispose for AD (Alam, Alam, Kamal, Abuzenadah, &  
Haque, 2014). Maintaining the integrity of the microbiome may be par-
ticularly critical with aging, since increases in oxidative stress that occur 
during aging have been shown to alter the composition of the microbiome 
(Duncan & Flint, 2013; Lynch, Jeffery, Cusack, O’Connor, & O’Toole, 2015; 
Patrignani, Tacconelli, & Bruno, 2014). These aging-related changes in the 
microbiome could be due to changes in nutrition during aging, but even 
in controlled mouse studies the microbiome changes with age, as does the 
efficiency for responding to nutrients (Langille et al., 2014). Another recent 
hypothesis suggests that aging may favor the growth of a particular type 
of microbiota that can enhance the inflammation in the central nervous 
system, contributing to AD pathology (Shoemark & Allen, 2014).

While more work needs to be done, recent studies offer a promising 
glimpse at the role of probiotics (Desbonnet et al., 2010). In a mouse model 
in which the microbiome was disrupted and hippocampal deficits were 
observed, treatment with probiotics rescued the functioning of the hip-
pocampus (Smith et al., 2014). In another study, treatment with probiotics 
was able to reverse age-related deficits in LTP and increase expression 
of BDNF (Distrutti et  al., 2014). This study is particularly interesting 
since enhancing BDNF has been proposed as one way to treat AD (Lu, 
Nagappan, Guan, Nathan, & Wren, 2013). Another study showed that 
a particular probiotic could restore memory function, as well as inhibit 
acetylcholinesterase (Xiao et al., 2014). In short, further study on the com-
position of the microbiome in aging may allow for therapies involving 
probiotics (Pérez Martínez, Bäuerl, & Collado, 2014). It is also critical that 
more research is done on the particular strains of beneficial bacteria, and 
that the public be made aware of the state of the research on probiotics, 
since not all probiotics may be helpful and some may even be harmful 
(Slashinski, McCurdy, Achenbaum, Whitney, & McGuire, 2012).

SLEEP AND CIRCADIAN RHYTHM

In a religious order study, sleep disturbances were linked to an increased 
risk of AD and cognitive decline (Lim et  al., 2013; Lim, et  al., 2013). In 
the general population, sleep disturbances have also been linked to an 
increased risk of AD (Benedict et  al., 2014). However, it is not clear if 
sleep disturbances are causative of AD, or an early symptom of cognitive 
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dysfunction. For a more detailed discussion of sleep and AD risk, see 
Chapter 10.

SOCIALIZATION

Social interactions may be another critical environmental element 
modulating AD risk. One study has shown that low participation in 
social activities in late life may increase the risk of dementia (Saczynski 
et al., 2006). Living alone and having fewer social connections may also 
increase risk (Fratiglioni, Wang, Ericsson, Maytan, & Winblad, 2000). In 
particular, feelings of loneliness may be the key aspect of low socialization 
responsible for cognitive decline (Holwerda et al., 2014). In a longitudinal 
study, individuals who reported feelings of loneliness had double the risk 
for AD. These individuals also had a faster rate of cognitive decline, in 
spite of comparable levels of AD pathology (Wilson, Krueger, et al., 2007). 
Participating in social activities that are considered an integral part of 
religion, such as regularly attending church, may help to slow cognitive 
decline, even in AD (Coin et al., 2010; Corsentino, Collins, Sachs-Ericsson, &  
Blazer, 2009; Hill, Burdette, Angel, Angel, & Series, 2006; Kaufman, Anaki, 
Binns, & Freedman, 2007; Reyes-Ortiz et  al., 2008). One recent longitu-
dinal study showed that attending religious service correlated with a 
reduced risk for AD (Paganini-Hill et al., 2015). Virtual socialization may 
also confer a protective effect as one study recently demonstrated that 
older individuals who regularly use the Internet had better cognitive 
health (James, Boyle, Yu, & Bennett, 2013). As in the case of cognitive 
reserve, social connections may help to mitigate the effects of AD pathol-
ogy (Bennett et al., 2006; Wilson et al., 2005).

CONCLUSION

Here we have discussed the importance of a stimulating, cognitively 
complex environment in preventing the onset of AD, through the mecha-
nisms of cognitive reserve or through direct interactions with the molecu-
lar pathology. We have also considered the contribution of environmental 
factors such as exposure to pollution and metals on AD risk. From the 
evidence presented, we can conclude that a cognitively stimulating envi-
ronment, including higher education, bilingualism, and participation in 
cognitively challenging leisure activities such as reading, writing, solving 
puzzles, and playing games can delay the onset of AD. Physical activity 
may serve as a valuable way to promote brain health and stave off cogni-
tive decline and AD pathology. A diet high in fruits and vegetables and 
low in meat and sugar may also confer preventative benefits for AD, by 
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improving overall health and by providing important antioxidants and 
factors that modulate AD pathology. Finally, environmental manipula-
tions like music training, language learning, video game training, and 
social interactions can improve quality of life and lessen the severity of 
cognitive symptoms in individuals with mild and moderate AD, and 
should be considered as a valuable contribution to a treatment plan with 
pharmaceutical interventions. Considering multiple environmental fac-
tors, such as physical and mental activity, as well as occupational hazards 
and nutrition may lead to more effective preventative and therapeutic 
strategies for AD.
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