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Abstract

Alzheimer’s disease (AD) is the leading cause of dementia in the United States and afflicts greater 

than 5.7 million Americans in 2018. Therapeutic options remain extremely limited to those that 

are symptom targeting, while no drugs have been approved for the modification or reversal of the 

disease itself. Risk factors for AD including aging, the female sex, as well as carrying an APOE4 
genotype. These risk factors have been extensively examined in the literature, while less attention 

has been paid to modifiable risk factors, including lifestyle, and environmental risk factors such as 

exposures to air pollution and pesticides. This review highlights the most recent data on risk 

factors in AD and identifies gene by environment interactions that have been investigated. It also 

provides a suggested framework for a personalized therapeutic approach to AD, by combining 

genetic, environmental and lifestyle risk factors. Understanding modifiable risk factors and their 

interaction with non-modifiable factors (age, susceptibility alleles, and sex) is paramount for 

designing personalized therapeutic interventions.
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1.0 Introduction

1.1 Prevalence and Incidence

Alzheimer’s disease (AD), is the most common progressive neurodegenerative disease 

worldwide and accounts for 60 to 80% of dementia cases. Individuals who suffer from AD 

experience memory loss and a decline in reasoning and planning abilities. As the disease 

progresses, patients ultimately experience a loss of executive function and in many cases 

become entirely dependent on caregivers. According to the 2018 report by the Alzheimer’s 
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Association, an estimated 5.7 million Americans are diagnosed with AD (“2018 Alzheimer’s 

disease facts and figures,” 2018). The current estimated cost of caring for these individuals 

is expected to reach 277 billion dollars in 2018 (“2018 Alzheimer’s disease facts and 

figures,” 2018). By 2050 it is estimated that the number of AD cases will grow to 13.8 

million, and the cost of care will be greater than 1.1 trillion dollars (“2018 Alzheimer’s 

disease facts and figures,” 2018; Hebert, Weuve, Scherr, & Evans, 2013). While AD presents 

very differently in individual patients, it is often described as two forms based on the age of 

onset. Early onset AD (EOAD) sometimes termed familial AD occurs early in life (<65 

years of age) and accounts for 5% of all AD cases (Zhu, Tan, et al., 2015). Late onset AD 

(LOAD) or sporadic AD is more complex and occurs relatively later in life (onset >65 years 

of age) comprising about 95% of cases (Rosenthal & Kamboh, 2014).

1.2 Pathology

AD is a multifactorial neurodegenerative disease, which involves a combination of 

aggregated proteins, chronic neuroinflammation and neuronal cell loss. It is pathologically 

defined by the presence of two hallmarks, amyloid beta (Aβ) plaques and neurofibrillary 

tangles (NFTs). Proteolytic cleavage of the amyloid precursor protein (APP) by β-

secretase-1 enzyme (BACE1), generates Aβ peptides of varying length (Aβ40 and Aβ42) 

which further aggregate to form insoluble plaques. In addition, soluble peptides are thought 

to initiate changes in tau and destabilize the cell’s skeletal network (Andreeva, Lukiw, & 

Rogaev, 2017; O’Brien & Wong, 2011; Simic et al., 2016). NFTs are formed due to aberrant 

phosphorylation of the microtubule associated protein tau (De-Paula, Radanovic, Diniz, & 

Forlenza, 2012; Kumar et al., 2011). This hyperphosphorylation causes tau to become 

detached from microtubules, leads to their destabilization therefore contributing to a 

disruption in axonal transport (Ballatore, Lee, & Trojanowski, 2007). This disruption 

ultimately leads to damage and degeneration of neurons (Ballatore et al., 2007; Iqbal, Liu, 

Gong, & Grundke-Iqbal, 2010). Chronic neuroinflammation is also heavily involved in AD, 

and both microglia and astrocytes play significant roles (Avila-Munoz & Arias, 2014; 

Heneka et al., 2015). This inflammation is not only increased directly by the presence of Aβ, 

tau, and neuronal injury, but also greatly exacerbates these pathologies leading to further 

damage (Akiyama et al., 2000).

1.3 Difficulty of Diagnosis

The primary goal of the Alzheimer’s Disease Neuroimaging Initiative (ADNI) is to gather 

information from imaging studies, such as magnetic resonance imaging (MRI) and positron 

emission topography (PET), biomarker data, in combination with cognitive assessments to 

predict progression. Since its inception in 2004, data from the ADNI have contributed to 

over 1500 publications, and these data have profiled progression of both amyloid beta and 

hyperphosphorylated tau in individuals (Weiner & Veitch, 2015; Weiner et al., 2012; Weiner, 

Veitch, et al., 2017). Eventually, these data coupled with other major risk factors such as 

family history, genetic risks, lifestyle factors, and environmental exposures could contribute 

to identifying at-risk individuals who are more likely to develop the disease and allow for 

earlier intervention. When most patients present to a physician, they may be past effective 

therapeutic windows (Jack et al., 2010; Sperling et al., 2011). Identifying patients that are at 

risk earlier could greatly increase the success of therapeutics. For example, mild cognitive 
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impairment (MCI) is an earlier development in AD, and it is evident that individuals who are 

identified as having MCI end up progressing to AD (Petersen, 2009). Identifying these 

individuals early on may allow the administration of a potential therapies aimed at limiting 

conversion to AD.

AD progression has been characterized extensively by examining biomarkers in patients, 

both in cerebrospinal fluid (CSF) levels and by PET amyloid imaging, or 

fluorodeoxyglucose-PET (tau) (Jack et al., 2010; Sperling et al., 2011). Aβ levels begin to 

rise during preclinical AD and increase dramatically with age, even before the onset of MCI 

(Jack et al., 2010; Sperling et al., 2011). During MCI and before the onset of dementia, Aβ 
have reached maximum levels. However, tau mediated neuronal injury in the CSF increases 

much later than Aβ in patients, and begins to reach high levels at the onset of MCI, reaching 

maximum levels at the onset of dementia (Figure 1) (Jack et al., 2010; Sperling et al., 2011). 

Importantly, these changes occur in patients well before the onset of any clinical dysfunction 

and make it exceedingly difficult to identify individuals (Figure 1) (Jack et al., 2010; 

Sperling et al., 2011). Due to the broad range of disease presentation and the unknown 

nature of disease development, better diagnostics are needed to identify patients earlier in 

the progression of the disease.

To date, therapeutic development aimed at disease modification has primarily focused on the 

two major pathways, amyloid and tau, as contributors to AD. Researchers have devoted 

years of resources, in both basic science research funding, and in therapeutics that target 

mostly Aβ and in some instances tau (Anand, Gill, & Mahdi, 2014). These targets have been 

the basis for development of animal models with these hallmarks as driving factors. 

Clinically, biomarker tests identify these components and allow assessment for individuals at 

risk for the disease. However, these strategies have not produced a therapeutic drug with 

safety and efficacy that can be used universally in AD patients. The limited understanding of 

the disease etiology is magnified when considering the lack of pharmaceutical options 

available to AD patients. Current research strategies have focused on a number of targets 

that are involved in AD, such as the pathological aggregates NFTs and Aβ, inflammation, 

cholesterol and the cholinergic system (J. L. Cummings, Morstorf, & Zhong, 2014). Of the 

210 drugs that have either entered into a clinical trial, or are currently in a trial, less than 2% 

of them have obtained FDA approval (J. L. Cummings et al., 2014). There are currently only 

five clinically approved AD drugs, but these are not disease modifying therapies (DMT), and 

only target the symptoms of AD by acting directly on the cholinergic system, with the 

exception of memantine which is an antagonist of NMDA receptors (Farlow, Graham, & 

Alva, 2008).

2.0 Nonmodifiable Risk Factors in AD

Nonmodifiable factors refer to those risk that increase the likelihood of AD diagnosis and 

cannot be modified at the present. These are factors to which an individual is born with and 

in the case of AD, these include aging, gene variants, family history of disease and others 

discussed in the subsequent sections. These factors have consistently shown an association 

with increased AD risk. Specifically, increased age is considering the leading risk factor, and 

the best predictor for the development of late-onset AD. Similarly, genetic variants have also 
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been shown to greatly contribute to AD risk. Understanding the common pathways, or the 

actions that these risks confer is paramount for understanding the disease. For instance, how 

do these nonmodifiable factors interact with one another, and how do they interact with 

those factors that an individual is able to modify? Ultimately by identifying these risks, and 

understanding the mechanisms by which they act, there may be an opportunity to minimize 

their contributions to the disease.

2.1 Aging

The greatest risk factor for late-onset AD is age. The positive correlation between age and 

AD risk has been consistently reported, with a significant increase in incidence after 60 

years (Hebert et al., 2010; Hebert et al., 2013; Kawas, Gray, Brookmeyer, Fozard, & 

Zonderman, 2000), with 3% of people between ages 65–74, 17% of people aged 75–84 and 

32% of people that are aged 85 years or older diagnosed with AD, respectively (“2018 

Alzheimer’s disease facts and figures,” 2018). While the reason behind this remains largely 

unclear, literature suggests that it is due to dysregulation and disruption of the critical 

pathways of the inflammatory system, lipid homeostasis, as well protein degradation and 

synthesis (Spittau, 2017). However, it is unlikely that AD occurs as a result of normal aging, 

as there are distinctive differences in those aged individuals who develop AD compared to 

those who do not (Toepper, 2017). Most notably, while AD and aging share some 

commonalities, such as atrophy of specific brain regions and changes in cognition, these 

occur much more rapidly in AD compared to normal aging (Toepper, 2017). Therefore, 

while aging is a necessary and significant risk factor for LOAD, it alone is not sufficient to 

cause disease.

2.2 Genetic Contributors to AD

Genetic variations have been associated with an increased risk of developing both EOAD 

and LOAD. Three of these genes (APP, PSEN1, PSEN2) are autosomal dominant for 

developing EOAD (Dai, Zheng, Zeng, & Zhang, 2018). As previously mentioned, the APP 

protein is sequentially cleaved into peptides which then aggregate and form Aβ plaques, and 

PSEN1 and PSEN2 encode subunits of one of the cleavage enzymes, γ-secretase. Mutations 

in these genes are associated with the inheritance of familial AD, and have been extensively 

examined (Bertram & Tanzi, 2012; Bird, 1993), however they do not increase risk for late-

onset sporadic AD and are therefore beyond the scope of this review. The remaining variants 

are either splice variants, or single nucleotide polymorphisms (SNPs), and while not 

causative, increase risk for the development of sporadic late-onset forms of AD. As of 2018, 

researchers have identified and confirmed 21 susceptibility loci: ABCA7, BIN1, CD2AP, 
CLU, CR1, EPHA1, MS4A6A, PICALM, APOE, TREM2, CD33, CASS4, CELF2, 
FERMT2, HLA, INPP5D, MEF2C, NME8, PTK2B, SLC24A4, SORL1, and ZCWPW1 that 

confer risk for AD (Dos Santos et al., 2017; Hartl et al., 2018; Hollingworth et al., 2011; 

Lacour et al., 2017; Lambert et al., 2013; Medway & Morgan, 2014; Naj et al., 2011; 

Nordestgaard, Tybjaerg-Hansen, Rasmussen, Nordestgaard, & Frikke-Schmidt, 2018; Ruiz 

et al., 2014). Of these genes, all have been confirmed by the International Genomics 

Alzheimer’s Project (IGAP) by a meta-analysis of multiple genome wide association studies 

(GWAS) (Lambert et al., 2013), with the exception of CD33 (Figure 2)
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The IGAP genes are involved in a number of different processes linked to AD, some of 

which are known, including lipid homeostasis/cholesterol metabolism, immunity, 

endocytosis, cytoskeletal and apoptosis (Medway & Morgan, 2014). The actions of ABCA7 
and CD33 have been implicated in phagocytosis and clearance of Aβ plaques, variants in 

these genes have been shown to alter these mechanisms (Fu, Hsiao, Paxinos, Halliday, & 

Kim, 2016; Griciuc et al., 2013). In addition to its role in lipid homeostasis, SORL1 has also 

been shown to be regulate aspects of APP trafficking and processing (Yin, Yu, & Tan, 2015). 

The validated genes involved in inflammation and immunity, including CR1, MS4A6A, 

INPP5D, HLA and MEF2C have all shown to have roles in neuroinflammation and altered 

expression following microglial activation (Efthymiou & Goate, 2017; Rosenthal & 

Kamboh, 2014; Zhu, Yu, et al., 2015). Genes involved in endocytosis, such as PICALM 
participates in production and clearance Aβ (Xu, Tan, & Yu, 2015) whereas BIN1 has 

shown to modulate tau pathology in addition to its role in endocytosis (M. S. Tan, Yu, & 

Tan, 2013). The protein products of these validated genes span multiple functions and are 

not limited to these categories, new studies are consistently emerging to suggest their actions 

on multiple pathways involved in AD. While many of these actions have been elucidated the 

actions of other genes identified by IGAP and their biological relationship to LOAD 

pathways remain unclear (Figure 2) (Medway & Morgan, 2014).

The genes presented in this review have been validated by IGAP (Medway & Morgan, 2014) 

if indicated, or have been included because they have been identified by multiple GWAS 

studies (CD33). Evidence from other studies have emerged implicating new gene variants of 

interest, however these will need to be verified. SNPs in the PLCG2 and ABI3 and genes 

have been associated with increased risk of AD and specifically microglial immunity, which 

further implicates the role of neuroinflammation in the development of late-onset AD (Sims 

et al., 2017). Similarly, The Interleukin-1 receptor accessory protein (IL1RAP) gene is also 

involved in microglial activation with identified SNPs potentially increasing risk (Mun, Kim, 

Choi, & Jang, 2016). Individuals who are IL1RAP rs12053868-G carriers are more likely to 

progress from MCI to AD and have greater temporal cortex atrophy. This same 

polymorphism is associated with more rapid cognitive decline, a decrease in microglial 

activation and higher levels of amyloid accumulation (Ramanan et al., 2015). It is also 

clinically vital to examine individuals with many of the essential AD risk factors, yet appear 

to be protected from the disease as in a subset of patients with a variant of RAB10 which is 

shown to drastically protect against AD in those individuals over 75 years (Ridge et al., 

2017).

2.2.1 TREM2—Variants of the triggering receptor expressed on myeloid cells 2 (TREM2) 

have gained significant recent attention as they increase the risk of developing LOAD by 2–

4-fold (Guerreiro et al., 2013; S. C. Jin et al., 2014; Jonsson et al., 2013). TREM2 is a 

transmembrane protein that is expressed on microglia, to which ligands bind and thus 

activate the TREM2 pathway, this activation leads to numerous downstream signaling 

events. A host of ligands have been shown to bind to and activate TREM2, these ligands 

include the apolipoprotein E (APOE), clusterin (CLU), and Aβ have shown affinity for this 

receptor (Yeh, Wang, Tom, Gonzalez, & Sheng, 2016; Zhong et al., 2018). This is of interest 

for AD risk, as variants in TREM2, APOE and CLU genes have been identified as 
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significant risk factors for the development of LOAD (Lambert et al., 2013). The activation 

of TREM2 has been shown to inhibit proinflammatory signaling, increase proliferation of 

microglia and myeloid cells, as well as increase phagocytotic processes (Colonna & Wang, 

2016; Yeh, Hansen, & Sheng, 2017). This pathway has been shown to regulate microglial 

function and homeostasis in neurodegenerative disease (Krasemann et al., 2017). Variants of 

TREM2 are associated with loss or decrease function of the receptor, which in turn disrupts 

its functions (Ulland et al., 2017). This disruption of microglial function by a TREM2 

variant would have tremendous impact on pathways involved in AD. Potentially by reducing 

the response of microglia to phagocytose Aβ plaques and by impairing the anti-

inflammatory properties associated with TREM2 activation (Ulrich, Ulland, Colonna, & 

Holtzman, 2017). The role of TREM2 in AD is still being elucidated, and likely includes 

other functions contributing to disease pathology and progression (Colonna & Wang, 2016; 

Ulrich et al., 2017).

2.2.2 APOE—Apolipoprotein (APOE) is a lipid carrier and is significantly involved in 

cholesterol metabolism. It is located on chromosome 19 and found in the human population 

as either E2, E3 or E4 variants, which differ from one another by the presence of either 

arginine or cysteine at specific residues (Utermann, Hees, & Steinmetz, 1977; Utermann, 

Langenbeck, Beisiegel, & Weber, 1980). This structural difference confers changes in the 

physiological function of the protein (Mahley, Weisgraber, & Huang, 2006); specifically, the 

APOE4 protein has a much lower affinity for lipoproteins compared to the E2 and E3 forms 

(Rall, Weisgraber, & Mahley, 1982), and also poorly binds Aβ which may explain its poor 

clearance (LaDu et al., 1994). APOE is most highly expressed in liver, but it is also abundant 

in the CNS, predominately in astrocytes (Boyles, Pitas, Wilson, Mahley, & Taylor, 1985).

The APOE4 allele remains the strongest genetic risk factor across multiple GWAS studies in 

different populations, it is gene dose dependent and allele homozygosity confers an 8–12-

fold increased risk (C. C. Liu, Liu, Kanekiyo, Xu, & Bu, 2013; Pimenova, Raj, & Goate, 

2018). In discussion of gene-gene, gene-environment, and gene-sex interactions in this 

review, it is almost always in relationship with APOE4 and AD risk, as it is by far the most 

widely studied risk gene in AD. APOE has repeatedly been shown to play important roles in 

Aβ transport and metabolism (Kim, Basak, & Holtzman, 2009; C. C. Liu et al., 2013) and 

recent evidence has suggested that APOE regulates APP transcription and Aβ production in 

neurons, with APOE4 driving higher expression (Y. A. Huang, Zhou, Wernig, & Sudhof, 

2017). Further, research suggests that APOE genotype plays a prominent role in regulation 

of neuroinflammation in AD and regulation of microglial and astrocyte function (Tai et al., 

2015). Despite the attention that has been paid by the scientific community, much is left to 

understand and uncover with regard to its contribution to AD risk.

2.3 Family History

Family history confers a significant increased risk for AD. Individuals who have a first-

degree relative, such as a parent or sibling diagnosed with AD are predisposed to develop the 

disease with a 4–10 times increased risk, compared to individuals who do not (Cupples et 

al., 2004; Farrer, O’Sullivan, Cupples, Growdon, & Myers, 1989; Lautenschlager et al., 

1996). Individuals with a family history of AD exhibited lower recognition accuracy and 
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deficits in executive functioning (Aschenbrenner, Balota, Gordon, Ratcliff, & Morris, 2016; 

Hazlett, Figueroa, & Nielson, 2015). In a recent cohort study examining family history of 

AD diagnosis on AD risk and dementia, the authors reported a relationship of family history 

negatively impacting certain sub-cognitive domains, which is stronger as individuals age 

(Zeng et al., 2013).

The role of family history in screening AD biomarkers has indicated a positive correlation 

between family history and susceptibility to AD (Xiong et al., 2011). Studies on datasets 

from the ADNI database have associated maternal family history with AD biomarkers 

(Honea, Vidoni, Swerdlow, Burns, & Alzheimer’s Disease Neuroimaging, 2012). Honea and 

colleagues have shown that normal adults with a maternal family history of AD have 

progressive reductions in gray matter volume in regions that are vulnerable to AD (Honea, 

Swerdlow, Vidoni, & Burns, 2011; Honea, Swerdlow, Vidoni, Goodwin, & Burns, 2010). A 

cross sectional study of cerebrospinal fluid (CSF) biomarkers in subjects with or without 

family history of AD suggested that an individual with maternal family history is at a higher 

risk of developing AD (Z. Liu, Chen, Li, Xu, & Du, 2013). This familial risk also appears to 

affect AD related pathology. Subjects with a family history of AD have shown accelerated 

thinning of the cortex as compared to age matched control individuals (Donix et al., 2010; 

Ganske et al., 2016). However, family history is not completely due to genetic risk factors, 

but rather represents a combination of both genetic factors and shared environments among 

family members.

2.4 Race and Ethnicity

Based on data for Medicare beneficiaries over the age of 65, AD and other dementias have 

been diagnosed in 6.9% of Caucasians, 9.4% of African-Americans and 11.5% of Hispanics 

(“2018 Alzheimer’s disease facts and figures,” 2018). Several studies have attributed these 

differences to socio-economic status, lifestyle and health conditions, including 

cardiovascular disease and diabetes (Glymour & Manly, 2008; Yaffe et al., 2013). The 

Aging, Demographics, and Memory Study reported that older African-Americans are about 

twice as likely to develop AD and other dementias compared to older non-Hispanic whites 

(Potter et al., 2009). Hispanics (Mexican-Americans or Caribbean-Americans) are also about 

1.5 times more likely to develop AD than non-Hispanic whites (Gurland et al., 1999; Mehta 

& Yeo, 2017). Several attempts have been made to recognize biomarkers for the onset of 

preclinical and clinical AD in these populations (Brookmeyer & Abdalla, 2018; 

Brookmeyer, Abdalla, Kawas, & Corrada, 2018).

The role of genetic factors in contributing to the racial disparity in AD has been debated. 

Initially it was thought that genetic factors did not account for large prevalence differences 

among racial/ethnic groups, however, more recent evidence suggests that the genetic 

architecture of an individual plays a role in developing both EOAD and LOAD (Cruchaga et 

al., 2018). A GWAS meta-analysis of data from African-American participants suggested a 

significantly strong association between ABCA7, with an OR= 1.79, and APOE4 with an 

OR= 2.31 and the increased risk of LOAD (Reitz et al., 2013). Using multiple independent 

data sets of individuals with MCI, variants in the CLU gene have emerged as players in the 

risk of the conversion of patients from MCI to AD (Lacour et al., 2017). Variants in the CLU 
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gene have been identified as potential risk factors in late-onset AD, specifically in Caucasian 

populations (Han, Qu, Zhao, & Zou, 2018; Lu et al., 2014; Nordestgaard et al., 2018; 

Szymanski, Wang, Bassett, & Avramopoulos, 2011; Zhang et al., 2016).

2.5 Sex as a Risk Factor

Women are an exceptionally susceptible population for the development of AD. A 

staggering 3.6 million women in the US (over 2/3 of patients) are currently living with AD, 

and this number is expected to continue to rise (“2018 Alzheimer’s disease facts and 

figures,” 2018). Furthermore, women at 45 years of age have a 19.5% lifetime risk of 

developing AD compared to 10.3% in men (“2018 Alzheimer’s disease facts and figures,” 

2018). These vulnerabilities may occur for a variety of reasons. Evidence also suggests that 

these sex differences may also be rooted in inflammatory mechanisms (Uchoa, Moser, & 

Pike, 2016) and/or mitochondrial dynamics (Lejri, Grimm, & Eckert, 2018).Hormonal 

differences, specifically loss of protection by estrogen (R. Li, Cui, & Shen, 2014), which can 

be partially mitigated by beginning hormone therapy within 5 years of after menopause 

(Shao et al., 2012). Other studies have also implicated the estrogen receptor α (ESR1) gene, 

and six different SNPs of ESR1 are shown to significantly delay the onset of AD in females 

but not in males (Janicki et al., 2014). Hormone therapy clinical trials with estrogen have 

failed for AD, which partly may be due to the timing of treatment and progression of women 

in these studies (Henderson, 2014). The role of estrogens in the brain has been a topic of 

wide investigation, with many reviews highlighting mechanisms involved in neuroprotection 

(Brann, Dhandapani, Wakade, Mahesh, & Khan, 2007; Gillies & McArthur, 2010; Green & 

Simpkins, 2000). Some of these factors, maybe extremely relevant to AD due to the 

progressive neurodegeneration in the disease. Specifically, estrogen has been associated with 

the maintenance of cholinergic neurons (Gibbs, 2010; Gibbs & Aggarwal, 1998), a target in 

late-onset AD and loss of estrogen may lead to deleterious effects on these cells.

Studies from the ADNI cohort indicate differences in disease manifestations between men 

and women, as well as in disease progression. Women progress faster from MCI to AD 

compared to men, and this is even more pronounced in APOE4 carriers (Lin et al., 2015). 

Other large-scale epidemiological studies from ADNI also support that APOE4 confers a 

greater risk for women than men (Altmann, Tian, Henderson, Greicius, & Alzheimer’s 

Disease Neuroimaging Initiative, 2014). Women with probable AD and MCI also have 

higher atrophy rates (1–1.5% faster than their male counterparts) (Hua et al., 2010). 

Furthermore, in almost all aspects of the disease, studies from the ADNI cohort identify that 

women tend to accumulate more Aβ42, total tau levels, and worse and more rapid atrophy in 

brain regions, specifically the hippocampus as well as worsened cognitive abilities, which 

again appear to be modulated by other risk factors, such as APOE4 (Koran, Wagener, 

Hohman, & Alzheimer’s Neuroimaging, 2017). A recent study indicates that this increased 

risk for women is only at earlier stages of the disease, and that older individuals of both 

sexes have the same risk of developing AD (Neu et al., 2017).

2.6 Traumatic Brain Injury (TBI)

Epidemiological and laboratory studies support a role of TBI in AD etiology. 

Overwhelmingly in human epidemiological studies, this risk is thought to occur because the 
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age at onset (AAO) of individuals with a history of TBI is lower compared to those without 

this history (Mendez, 2017). Notably, human patients and animal models of TBI show 

increased aggregation of misfolded proteins in the brain, and increased amounts of their 

precursors, Aβ and hyperphosphorylated tau (Edwards, Moreno-Gonzalez, & Soto, 2017; W. 

Hu, Tung, Zhang, Liu, & Iqbal, 2018). However, most earlier epidemiological studies 

support a role for TBI history in increasing risk of AD (Guo et al., 2000; Mortimer et al., 

1991; Nicoll, Roberts, & Graham, 1995, 1996; Plassman et al., 2000; Schofield et al., 1997) 

and in some cases have associated a history of TBI with AD pathology (Jellinger, Paulus, 

Wrocklage, & Litvan, 2001). In contrast, more recent large-scale studies have produced 

mixed results, which has made the characterization of TBI as a major risk factor for AD 

more difficult. Studies that identify TBI as a factor in decreasing the AAO of AD or 

contributing to a more rapid decline in cognitive function and faster conversion from MCI to 

AD (Gilbert et al., 2014; W. Li, Risacher, McAllister, & Saykin, 2016; LoBue et al., 2017), 

suggest that the timing of TBI occurrence is significant, as well as age, in that adults who 

experience a TBI have worse cognitive outcomes than children (W. Li, Risacher, McAllister, 

Saykin, & Alzheimer’s Disease Neuroimaging, 2017). In some instances the earlier AAO 

was also associated with pathological hallmarks and confirmed by examining Braak NFTS 

staging and plaque score in postmortem samples (Schaffert et al., 2018).

Large-scale epidemiological studies have convincingly argued for a role of TBI in increasing 

risk of dementia and AD. In Denmark, a nationwide population cohort study revealed an HR 

of 1.24 for dementia, and 1.16 for AD (Fann et al., 2018). A recent meta-analysis pooled 32 

different studies and showed an RR=1.63 for dementia and RR=1.51 for AD (Y. Li et al., 

2017). Although these data are compelling, there are other studies that do not support a role 

for TBI in disease etiology (Crane et al., 2016; Dams-O’Connor et al., 2013; LoBue et al., 

2018; Mehta et al., 1999; Tripodis et al., 2017; Weiner, Harvey, et al., 2017). Overall, 

research in this field has produced mixed results on the exact nature of TBI risk in AD. 

These data from both animal models and human studies, suggest that TBI history lowers 

AAO, and increase formation of pathological proteins. The decrease in AAO appears to be 

modified by APOE4, but remains equivocal. More rigorous research strategies should be 

implemented going forward, and information where clinical self-reports are utilized should 

be approached with caution, as they have large potential for bias and variation (Kokiko-

Cochran & Godbout, 2018).

3.0 Modifiable Risk Factors

Producing a therapy for AD presents as an incredible challenge, and although research has 

contributed a great deal of data with regard to patients diagnosed with the disease, there 

remains a lack of understanding of the disease pathogenesis, particularly at the individual 

level. The difficulty lies with the variability in presentation, and the wide host of factors that 

may be involved in its etiology and progression. As such, modifiable factors at the individual 

level are highly likely to be involved. Identifying how these risks, which are alterable are of 

great interest. These may include an individual’s education level, lifestyle habits, and the 

exposures that an individual may encounter, as they all may influence health. Furthermore, 

many nonmodifiable factors may play a role in which of how these risks may contribute. For 

instance, there are groups of individuals, such as the elderly, or women which may be more 
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susceptible to air pollutants (Boezen et al., 2005). Similarly, there is evidence for 

environmental disparities and increased exposures to environmental toxicants amongst 

minority groups (Gee & Payne-Sturges, 2004). Lastly, it is important to consider how 

genetic variants may interact with lifestyle factors, for example genetic variants which 

regulate cholesterol metabolism, and individuals who may develop type 2 diabetes. In the 

following sections, we will present evidence for these modifiable factors as risk factors for 

AD, and the likely pathways they may act upon.

3.1 Education

Having higher education experience has been shown repeatedly to decrease risk for AD in 

several epidemiological studies. A recent meta-analysis examining published studies through 

July 2014 reported a significant association of low education attainment (less than or 

equivalent to primary school) and increased AD risk, relative risk (RR) =1.41–1.60. 

Similarly, in a more recent large-scale (>1700 individuals with AD) study as part of IGAP, 

Larrson and colleagues evaluated the relationship among various risk factors in AD in 

relationship to genetic variants. Higher degree attainment was associated with a significantly 

lower odds ratio (OR) of AD, OR=0.89 per year of completed education (Larsson et al., 

2017). This study is convincing, however the biological mechanism by which this factor may 

confer risk is unknown. There is some evidence that AD patients with a higher education 

also have greater hippocampal volume, suggesting a lower atrophy in those individuals 

(Shpanskaya et al., 2014).

3.2 Cardiovascular Risk Factors

Aberrant lipid profiles and high serum/plasma cholesterol levels are associated with AD 

along with several metabolic syndromes metabolic syndromes such as Type 2 diabetes 

mellitus (T2DM), obesity, and hyperinsulinemia. Sparks and colleagues in the 1990s 

observed plaques in the brains of patients with coronary artery disease (Sparks et al., 1990), 

and reported a link between high cholesterol levels and AD (Sparks, 1997; Sparks et al., 

1994). Cholesterol in the brain, which accounts for the highest content of all the organs in 

the body, is involved in a series of interdependent Aβ processing including synthesis, 

aggregation, neurotoxicity and elimination (Sun, Yu, & Tan, 2015). Given this role, 

numerous studies support the hypothesis that midlife cholesterol or hypercholesterolemia is 

a risk factor for developing dementia and AD. An increase in total cholesterol from 181 

mg/dL to 200 mg/dL almost triples the odds of developing AD (OR=2.96) (Pappolla et al., 

2003; Whitmer, Sidney, Selby, Johnston, & Yaffe, 2005). High serum cholesterol during 

middle age can be predictive of developing AD and evidence in vivo suggests significant 

association between serum cholesterol and Aβ levels with HR=1.23 for borderline 

cholesterol (200–239 mg/dL) and 1.57 for high cholesterol (≥240 mg/dl) (Solomon, 

Kivipelto, Wolozin, Zhou, & Whitmer, 2009). Studies in mice show that accumulation of 

neuronal cholesterol caused a respective 3.4 ± 0.7-fold and a 1.6 ± 0.14-fold increase in Aβ-

C terminal fragment and Aβ42 in the hippocampus (Djelti et al., 2015). Similarly, rabbits 

fed a 2% cholesterol diet displayed a significant increase Aβ42 levels in both cortex and 

hippocampus (P. Jin et al., 2018). However, epidemiological studies and human data from 

serum/plasma or brain indicating an association between high cholesterol and AD have been 

highly inconsistent (Wood, Li, Muller, & Eckert, 2014). While some research supports that 
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high cholesterol may contribute to the progression of AD, others suggest that cholesterol is 

not a causative factor, but rather the result of AD (Rantanen et al., 2014; Sun et al., 2015).

Conflicting results in human studies have also been reported regarding whether AD patients 

have altered cholesterol levels, with some data supporting no differences between plasma 

cholesterol levels of AD and control subjects, and others more recently identifying a 

significant difference in plasma cholesterol levels (Popp et al., 2012; Popp et al., 2013). A 

longitudinal study revealed significant differences in the serum cholesterol levels of AD 

patients compared with control subjects in the first exam, but this association was lost in a 

follow up examination 11–26 years later (Kivipelto et al., 2001). Other community-based 

studies reported that total serum cholesterol levels at midlife were not associated with 

developing dementia or AD (Stewart, White, Xue, & Launer, 2007; Z. S. Tan et al., 2003). 

Several pre-clinical studies investigated the therapeutic role of statins, inhibitors of 3-

hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, which is a rate-limiting enzyme in 

cholesterol synthesis, in alleviating AD pathology (Austen, Christodoulou, & Terry, 2002). 

Because statins cross the blood brain barrier, these drugs have a direct effect on cholesterol 

in the brain (Cibickova, 2011). Clinical studies show that simvastatin reduced levels of Aβ42 

and Aβ40 significantly both in vivo and in vitro (Fassbender et al., 2001), and furthermore, 

there are protective effects of statins in Aβ-induced inflammation, both preclinically and 

clinically (Kurata et al., 2012; Kurata et al., 2011). However, other prospective studies, both 

preclinical and clinical, have failed to show efficacy in treating symptoms of mild to 

moderate AD despite significant reduction in total cholesterol levels, which could be 

attributed to pleiotropic effects of the drugs (Liang, Li, & Cheng, 2015; Sano et al., 2011).

Over the past three decades, a growing body of evidence shows strong epidemiological, 

clinical and molecular associations among Type 2 diabetes mellitus (T2DM), obesity, and 

hyperinsulinemia with an increased risk of developing AD. By 2015, over 415 million 

people worldwide were affected by diabetes and by 2040 this number is predicted to exceed 

nearly 640 million (International Diabetes Federation, 2015). Because of increasing diabetic 

and geriatric populations, several studies have focused on investigating the underlying links 

between T2DM and AD, which is the most common form of dementia in the elderly. Initial 

evidence from the Rotterdam Study conducted in the 1990s linked diabetes to AD, as data 

revealed that T2DM almost doubled the risk of AD (Ott et al., 1999). Similarly, in a 

nationwide population-based study Taiwan spanning 11 years, a higher incidence of 

dementia was reported in diabetic patients (C. C. Huang et al., 2014). The Cache County 

study evaluated cardiovascular risk factors including T2DM, hypertension, obesity, stroke 

and the subsequent risk of AD and vascular dementia by sex in 3308 subjects aged 65 or 

older. In this cohort, obesity and diabetes increased the risk of AD and vascular dementia in 

elderly females but not males (Hayden et al., 2006). Several epidemiological studies and 

meta-analyses have documented diabetes as a risk factor in development of AD (relative risk 

1.5) after assessing the underlying mechanisms, such as lipid metabolism and insulin 

signaling which interconnect diabetes and AD (Cheng, Huang, Deng, & Wang, 2012; 

Gudala, Bansal, Schifano, & Bhansali, 2013).

Studies in humans and animal models have also suggested bi-directional interactions 

between diabetes and AD where AD pathology exacerbates the risk of developing T2DM 
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and vice versa (Matsuzaki et al., 2010; Shinohara & Sato, 2017). Defective insulin signaling 

has been cited as one of the relevant mechanisms that modifies AD pathology by modulating 

APP processing, increased production and release of Aβ, and higher tau phosphorylation 

levels (Macauley et al., 2015; Matsuzaki et al., 2010; Moloney et al., 2010; Nuzzo et al., 

2015). Growing evidence supports the concept that insulin resistance and reduced insulin 

receptor expression are important mediators of cognitive deficits, brain atrophy, and 

cerebrovascular changes including reduced hippocampal volume and subsequent 

inflammation (Kerti et al., 2013; Moran et al., 2013; Steen et al., 2005). Contribution of 

inflammatory mediators such as tumor necrosis factor α (TNFα), interleukin-1β (IL-1β) 

and interleukin 6 (IL-6) to the progression of AD has been established (Akiyama et al., 

2000). Taken together, results from preclinical studies in AD and diabetes models suggest a 

crucial role of inflammatory pathways in pathogenesis of both diseases thus elucidating an 

interaction through the immune system (Baglietto-Vargas, Shi, Yaeger, Ager, & LaFerla, 

2016; Takeda et al., 2010; Valente, Gella, Fernandez-Busquets, Unzeta, & Durany, 2010). 

Recently, scientists have proposed the concept of AD representing a metabolic disease due 

to the overlapping molecular mechanisms underlying diabetes and AD. Based on the role of 

insulin in AD pathology, De la Monte proposed that AD could be referred as ‘Type-3-

Diabetes’ as it has composite features of both Type 1 diabetes (insulin deficiency) and Type 

2 diabetes (insulin resistance) (de la Monte, 2014; Hoyer, 2004; Rivera et al., 2005; Talbot et 

al., 2012).

3.3 Lifestyle

It is exceedingly common for lifestyle habits to present as either positive or negative risk 

factors in disease. In fact, healthy diets and lifestyle habits (abstaining from excessive 

alcohol and tobacco use) protect against cardiovascular disease (Willett et al., 2006). 

Conversely, a poor or inadequate diet promotes metabolic syndrome, a condition that 

includes low levels of high-density lipoprotein (HDL), high levels of triglycerides and 

glucose intolerance, which consequently increases the risk of diabetes (Willett et al., 2006). 

In cohorts of individuals living in New York City, adherence to a Mediterranean diet and 

participating in physical activity decreased AD risk, with individuals exhibiting high 

adherence to diet, and increased participation in physical exercise had a combined HR=0.65 

compared to individuals who did not (Scarmeas et al., 2009).

Studies regarding nutrition and diet have predominantly examined antioxidants, vitamins, 

and the effect of different diets on AD risk. However, despite the overwhelming amount of 

research, roles for specific dietary habits, and more mechanistic data are needed to 

understand the relationship between diet and AD (N. Hu et al., 2013).

3.4 Tobacco and Alcohol Consumption

In many epidemiological studies, alcohol consumption and smoking tend to be evaluated 

within the same cohort or using the same questionnaire, primarily due to their effects on 

cardiovascular health, as well as assessment of a patient’s lifestyle patterns. The data for 

both cigarette smoke and alcohol consumption are relatively inconsistent in the field of AD 

(Graves et al., 1991). One potential reason for this inconsistency, in the case of smoking, is 

the competing risk of cigarette smokers with AD and death. In age-matched studies, 

Eid et al. Page 12

Pharmacol Ther. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cigarette smokers may represent a biased population pool and could account for the 

“healthiest” of smokers. Other individuals who were smokers may have had other risk 

factors associated with AD, and would have ultimately developed AD, but died from other 

factors before AD diagnosis was confirmed (Chang, Zhao, Lee, & Ganguli, 2012). An early 

meta-analysis suggested a potential protection of smoking, in which individuals with higher 

cigarette usage exhibited decreased AD (Graves et al., 1991), but reported no effect of 

alcohol consumption. Similar findings were reported in China, where second-hand smoke or 

otherwise passive smoking was associated with a RR=1.78 for dementia, and RR=2.28 for 

AD (Chen, 2012). Numerous epidemiological studies, as well as meta-analyses with pooled 

data sets, reported either a decrease or no change in risk of AD for cigarette smokers, and no 

change associated with alcohol consumption (Almeida, Hulse, Lawrence, & Flicker, 2002; 

Garcia, Ramon-Bou, & Porta, 2010; Hebert et al., 1992; Ilomaki, Jokanovic, Tan, & 

Lonnroos, 2015; Tyas, Koval, & Pederson, 2000; Tyas, Pederson, & Koval, 2000).

For alcohol consumption, it is considered that low to moderate consumption of alcohol (1–4 

drinks in 2 weeks), may be beneficial (Panza et al., 2012; Piazza-Gardner, Gaffud, & Barry, 

2013), but there is conflicting evidence on the potential beneficial effects of low 

consumption. Data from the Framingham offspring cohort suggest that consumption is 

inversely related to brain volume, and that even mild alcohol consumption may decrease 

brain volume (Paul et al., 2008; Solfrizzi et al., 2009). The type of alcohol being consumed 

also appears to be relevant (Panza et al., 2012; Piazza-Gardner et al., 2013). In several 

epidemiological studies, wine is shown to have antioxidant properties, thus reducing 

proinflammatory pathways and allowing a reduction of reactive oxygen species (W. J. 

Huang, Zhang, & Chen, 2016). In a large population study in Norway, individuals who 

drank more frequently, or abstained completely had higher HR ratios (1.30 and 1.45, 

respectively) for dementia and AD than those who drank infrequently (Langballe et al., 

2015). Similar reports in another cohort were provided which showed that individuals who 

were heavy drinkers and who tended to drink hard liquor had a more rapid cognitive decline 

than those who drank wine or drank less frequently (Heymann et al., 2016).

Recent studies have attempted to provide mechanistic insights as to why these changes may 

occur. Specifically, by examining alcohol consumption or cigarette smoking and alteration of 

specific pathways involved in AD. Transcriptome analysis of microglia treated with ethanol 

revealed dysregulation in a number of genes in the phagosome Kyoto Encyclopedia of 

Genes and Genomes pathway; suggesting reduced uptake of Aβ42 by primary microglia 

(Kalinin et al., 2018). Inflammatory mechanisms suggest a similarity of cytokine pathways 

between alcoholism and AD, specifically that patients suffering from alcoholism have an 

increase in proinflammatory cytokines (Venkataraman, Kalk, Sewell, C, & Lingford-

Hughes, 2017). Different components of cigarette smoke have been shown to increase Aβ 
aggregation, these components include polycyclic aromatic hydrocarbons such as 

naphthalene, and metal ions such as lead and cadmium (Wallin et al., 2017).

3.5 Air pollution

Air pollution is a complex mixture made up of sources which are considered natural 

occurring, as well as anthropogenic in origin. The environmental protection agency defines 
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its composition and regulation based on essential elements in the National Ambient Air 

Quality Standards (NAAQS). These major components are considered to be sulfur dioxide, 

carbon monoxide, nitrogen dioxide, ozone, particular matter (PM 10 and PM 2.5) and lead 

(Bachmann, 2007; Daniel, 2013). While these are considered essential elements, they may 

vary in levels and composition depending on geographical region (Strosnider, Kennedy, 

Monti, & Yip, 2017). Despite this variation, epidemiological studies have associated a 

number of adverse health effects across multiple biological systems (Brunekreef & Holgate, 

2002), with the primary targets being cardiovascular, respiratory and the nervous system 

(Brunekreef & Holgate, 2002; Curtis, Rea, Smith-Willis, Fenyves, & Pan, 2006). The 

actions of these air pollutants on the CNS are suggested to occur via an increase in 

neuroinflammation and the upregulation of proinflammatory pathways. These mechanisms 

have recently been reviewed in experimental models, and involve the activation of microglia, 

the subsequent increase of cytokines and reactive oxygen species in the brain, which 

ultimately is associated with death and damage to neurons (Jayaraj, Rodriguez, Wang, & 

Block, 2017).

Epidemiological studies examining the risk of air pollution consistently found a contribution 

to cognitive dysfunction in both children and adults (Power, Adar, Yanosky, & Weuve, 2016; 

Tonne, Elbaz, Beevers, & Singh-Manoux, 2014; Weuve et al., 2012). Connections between 

air pollution and AD biomarkers were first made in early studies of individuals living in 

Mexico City, Mexico, with postmortem analyses demonstrating significantly lower levels of 

Aβ42 and brain-derived neurotrophic factor (BDNF) in the CSF of highly exposed 

individuals relative to controls (Calderon-Garciduenas et al., 2016), as well as increased 

levels of proinflammatory markers (COX2) and Aβ42 in the hippocampus and the cortex 

(Calderon-Garciduenas et al., 2004). Recent epidemiological studies also support a role for 

air pollution and PM in increased risk of developing AD. In a case-control study in Taiwan, 

individuals with PM10 and ozone exposure had an increased risk of developing AD, with the 

highest tertile of PM10 exposure having an AOR =4.17 for AD, as well as the highest tertile 

of ozone exposure, AOR= 2.0 for dementia risk (Wu et al., 2015). Using data from the 

Women’s Health Initiative Memory Study (WHIMS) cohort, an additional study reported a 

significant association with PM2.5 exposure and cognitive dysfunction (Cacciottolo et al., 

2017).

3.6 Pesticide Exposure

Pesticides are agents that are commonly used to control organisms that maybe harmful to the 

growth of crops, or in some cases to prevent the transmission of vector borne diseases 

(Aktar, Sengupta, & Chowdhury, 2009). There are many different types of pesticides, among 

them are insecticides (targeting insects), herbicides (targeting plants) and fungicides 

(targeting fungi) (Casida, 2009). In the case of insecticides, many of these compounds act on 

the nervous system, at the nerve synapse or axons, others have been found to act on the 

mitochondria, primary by complex inhibition (Casida, 2009). Due to their known actions on 

the nervous system, these pesticides have received attention as risk factors for neurological 

and neurodegenerative disease.
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Epidemiological studies in vineyard workers with past exposure to insecticides and 

fungicides have associated exposure with deficits in cognitive performance (Baldi et al., 

2001; Baldi et al., 2011; Baldi et al., 2003). One of the major challenges for most pesticide 

epidemiological studies is that typically the specific pesticide is not identified, with more 

general categories are used to define pesticides as a class. Furthermore, it is important to 

consider many of the confounders that are frequently presented with epidemiological studies 

of environmental exposures, which largely depend on self-reported incidences of exposure, 

are non-specific, and many are longitudinal studies, with potential data bias from inclusion 

of surviving or returning individuals.

In a longitudinal study in Manitoba Canada authors reported a RR= 4.35 for the 

development of AD following exposure to fumigants and defoliants (Tyas, Manfreda, Strain, 

& Montgomery, 2001). Similarly, residents of the agricultural community of Cache County, 

UT who resided in a neighborhood with exposure to both organophosphate and 

organochlorine insecticides, had an increased hazard ratio (HR) of 1.53 for AD in 

individuals with a history of exposure to organophosphates, and an increase HR of 1.49 for 

AD in those with organochlorine exposure (Hayden et al., 2010).

The organochlorine insecticide dichlorodiphenyltrichloroethane (DDT) has been implicated 

as a potential risk factor in AD, with a significant increase of p’p 
dichlorodiphenyldichloroethylene (DDE), the metabolite of DDT, first reported in 

postmortem brain samples from individuals with AD (Fleming, Mann, Bean, Briggle, & 

Sanchez-Ramos, 1994). These findings were expanded upon by Richardson and 

collaborators, which showed significantly higher levels of DDE in the serum of patients 

compared to their age-matched controls (Richardson et al., 2014; Richardson et al., 2009). 

Individuals within the highest tertile of serum DDE levels also had an OR= 4.18 for 

increased risk of AD (Richardson et al., 2014). Mechanistic data exploring the role of DDT 

on the amyloid pathway have also shown DDT exposure in vitro and in vivo increases APP 

expression and Aβ levels in a number of animal and cell models (D.C. German, 2018; 

Richardson et al., 2014). DDT has been identified to interact with voltage gated sodium 

channels, by delaying their closure and leading to a state of hyperexcitability of the cell 

(Casida, 2009; Costa, 2015), this mechanism of action of DDT may be involved in the 

increase of amyloidogenic proteins.

4.0 Gene Environment Interactions

The risk factors highlighted in this manuscript are not supported by enough evidence or data 

to independently be considered as causative for AD. Although APOE4 significantly 

increases risk, it cannot explain all cases nor why some individuals who are carriers never 

develop AD. The RR, HR and OR presented by the epidemiological evidence for the 

presented risk factors range from an HR of 1.45 (alcohol) to a RR of 2.96 (cholesterol). Data 

for general pesticide exposure and general air pollution is higher (RR 4.35 and 4.17, 

respectively), but these are based on only a few studies and require further validation. These 

factors alone cannot explain AD risk or susceptibility, however, a combination of lifestyle, 

environmental, and genetic factors provide stronger evidence.
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Gene-environment interactions are classified as different effects of environmental exposures 

or lifestyle factors on disease risk in individuals with different genotypes (Baye, Abebe, & 

Wilke, 2011; Ottman, 1996). These phenomena are exceedingly relevant, yet understudied in 

a disease as complex as AD, as the disease presents in many complex forms, with arguably a 

multitude of different etiologies. In complex diseases such as late-onset AD, it is rare to 

identify single genetic risks, and most genetic findings present as modest responses 

(Bookman et al., 2011), with the exception of APOE. These observations point to other risk 

factors that are more likely involved or interact with this genotype (Baye et al., 2011). To 

study and understand the mechanisms by which the environment may interact with an 

individual’s genetic profile, one must have a foundational understanding of what these 

environmental risks are, as well as the predominant genetic risk factors. It has become even 

more evident that other risk factors also must be considered when examining an individual’s 

unique risk signature, which specifically include age, sex, and family history of AD.

There are two unique environmental factors that can modulate risk, the first is individual 

lifestyle factors, such as diet, exercise, smoking and alcohol consumption. Secondly, the 

environmental exposure component significantly contributes to AD risk. Together this 

defines the exposome concept, which states that a general external environment (climate, 

traffic, etc.), and a specific external environment (diet, physical activity) directly influence 

our internal environment to have an adverse or positive effect on our health (Siroux, Agier, 

& Slama, 2016). It is evident that AD is not a homogeneous disease that can be treated with 

one specific drug, but rather AD presents as a spectrum, with complex interactions between 

genetic, lifestyle and environmental factors (Au, Piers, & Lancashire, 2015; Neugroschl & 

Wang, 2011).

Gene-environment interactions have been identified for many lifestyle factors in AD. In a 

longitudinal study, examining physical activity in APOE4 carriers in older patients (75 years 

of age), individuals were assessed for dementia, and re-examined 4.5 years later. Individuals 

with higher physical activity had a decrease in dementia and AD. If individuals had both an 

APOEε4 allele and low physical activity, they were at a significantly higher risk of 

dementia, than with either factor alone (Luck et al., 2014). The Honolulu-Asia aging study is 

a longitudinal epidemiological study that examined risk factors and their relationship to 

dementia and cognitive decline in Japanese-American men (Gelber, Launer, & White, 2012). 

Here, the authors report that smoking increased the risk of dementia by an OR= 2.18 

compared to non-smokers, which was not modified by APOE genotype (Tyas et al., 2003). 

In another study, the rs7179008 polymorphism of CHRNA7 (α7 nicotinic acetylcholine 

receptor) decreased risk in LOAD (AOR=0.29) and protect against increased risk of 

smoking in LOAD (Weng et al., 2016).

A relationship between APOE4 genotype and low to moderate alcohol consumption is 

reported by some groups. In a cohort study of individuals from the Washington Heights-

Inwood Columbia Aging Study, researchers originally reported no association of alcohol 

consumption and AD risk (Luchsinger, Tang, Siddiqui, Shea, & Mayeux, 2004). However, 

when the results were stratified by APOE4 genotype, low to moderate consumption was 

associated lower risk of AD, but this was restricted to individuals without the APOEε4 

allele, whereas individuals who were homozygous or heterozygous for the APOEε4 allele 
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were not protected (Luchsinger et al., 2004). Similar findings were reported in the 

Framingham Heart Study Offspring Cohort, as low to moderate consumption of alcohol was 

associated with a greater decline in learning in memory in APOE4 carriers, and the inverse 

was associated with non-carriers (Downer, Zanjani, & Fardo, 2014). At least one study 

associated the combined risks of smoking, alcohol consumption and APOE4 genotype. In a 

cross-sectional study, authors examined the effects of heavy alcohol consumption and a 

history of heavy smoking (>1 pack a day) on AD risk; all three risk factors independently 

lowered AAO by 2–3 years, with one or more of these risks in conjunction with one another 

also significantly reduced age of onset by approximately 5 years. Furthermore, having all 

three risk factors decreased the age of onset by 10 years (mean age 67 years), compared to 

individuals without any of these risks (76.6 years) (Harwood et al., 2010). The type of 

alcohol consumed is also relevant and whether individuals are carriers of the APOE4 
genotype, with each playing a significant role in determining risk (Panza et al., 2012; 

Piazza-Gardner et al., 2013).

Exposure to the pesticide DDT and air pollution, specifically exposure to PM, are also 

identified as potential risk factors in AD. Richardson et al. reported 3.8-fold higher levels of 

DDE in the serum of AD patients compared to controls. Furthermore, serum levels of DDE 

were correlated highly with brain levels of DDE in the same individuals. Individuals were 

then stratified into tertiles by serum DDE levels, and individuals in the highest DDE tertile 

had the lowest cognitive scores, and this association was modified by APOE genotype 

(Richardson et al., 2014). These findings have been replicated in a different cohort of 

individuals residing in Deli and regions of North India. In that study, individuals with AD 

had significantly higher levels of β-HCH, dieldrin, and p’p DDE, but this was not modified 

by APOE genotype (N. Singh et al., 2013; N. K. Singh et al., 2012), suggesting race/

ethnicity or other factors may limit generalizability of this association. In the case of air 

pollution, Cacciottolo and colleagues examined a sex by gene by environment interaction 

and report an increased risk of females to the development of AD by air pollution that was 

most pronounced in APOE4 carriers (Cacciottolo et al., 2017). Furthermore, using the 

5xFAD mice that carry a mutation in the five confirmed AD risk genes mice crossed with the 

target replacement APOE4 mice, the group provided mechanistic data demonstrating an 

increase in Aβ oligomers following exposure to PM, which was significantly increased by 

the APOE4 genotype (Cacciottolo et al., 2017).

Many studies have evaluated a role for gene-environment interactions for APOE, yet there 

are still avenues to be explored, especially with other gene variants, and modifiable risk 

factors. While investigators have examined metal exposure (aluminum, lead, and copper) or 

solvent exposure as potential risk factors for AD, most epidemiological studies produced 

mixed results (reviewed by (Santibanez, Bolumar, & Garcia, 2007)). However, these agents 

may act in conjunction with other risk factors mentioned in this review, and although may 

not significantly contribute to AD alone, could in the presence of specific gene variants, 

aging or other factors. As previously described, modifiable risk factors modulate pathways 

that have been linked with AD. For example, PM has been associated with an increase of 

proinflammatory mechanisms, yet the opportunity to investigate it with genes associated 

with immunity/inflammation remain understudied. Candidate genes for such studies may be 

the TREM2 variants which have been implicated in microglial dysfunction. Similarly, 
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cardiovascular risk factors or lifestyle factors such as diet may interact with genes involved 

in cholesterol metabolism and cholesterol homeostasis as outlined in Figure 2.

Both modifiable and non-modifiable factors present in individuals in combination, and it is 

highly likely that an individual may have multiple risk factors that predispose them to 

disease. By taking a gene by environment approach and examining these risks in 

conjunction, we may reveal associations with AD that are far greater than if any of these 

present alone and could provide greater translational relevance for patients.

In 2018, there are 26 drugs that are in Phase III clinical trials for AD, and of these 17 are 

DMTs (J. Cummings, Lee, Ritter, & Zhong, 2018). The mode of action of these drugs is 

primarily aimed at a reduction in amyloid, with a mixture of immunotherapies, Bace-1 

inhibitors, and anti-aggregation drugs (J. Cummings et al., 2018). Only one DMT targets tau 

(TRx0237) and two others act on alternative pathways (Hung & Fu, 2017). Many more 

drugs currently in Phase I and Phase II clinical trials, and many in Phase III that are not 

DMTs are reviewed extensively elsewhere (J. Cummings et al., 2018). From 2017 to 2018, 9 

drugs have failed and exited Phase III clinical trials: including idalopirdine and intepirdine, 

(antagonists of the 5HT6 receptor), pioglitazone, AC-1204, aripiprazole, MK-8931, 

nilvadipine, and azreliragon. Most surprising was the failure of solanezumab which had been 

completing its third clinical trial (Murphy, 2018). Solanezumab is an immunotherapy 

targeting soluble Aβ, and while the drug succeeded in its mode of action, it produced no 

clinical benefit in patients (Honig et al., 2018). The failure of a promising immunotherapy 

points to the importance of exploring alternative therapeutic avenues, or other DMT options 

that can be used in conjunction with amyloid targeting drugs (Murphy, 2018).

One reason for the failure of these therapeutics may be due to the advanced stage of the 

disease before patients enter clinical trials. In 2017, 46.7 million Americans were diagnosed 

with “preclinical AD” (Brookmeyer et al., 2018). This presents an enormous challenge, but 

also a great opportunity to intervene at earlier timepoints of disease progression. Having a 

better understanding of those individuals at risk, could allow researchers to intervene with a 

much more appropriate therapeutic. A promising opportunity of therapeutic approach is the 

inclusion of patients or individuals into specific trials based on genetic information. One 

specific strategy utilizes an algorithm based on age, and genetic factors (APOE4, TOMM40) 

to categorize patients into risk severity, and the subsequent enrollment of those individuals in 

specific trials (Lutz et al., 2016). These approaches led to the recruitment for specific trials, 

such as the TOMORROW trials, which are aimed at preventing AD in a vulnerable 

population. This attempt to deliver a more personalized preventative approach to at-risk 

individuals is novel. Similarly, the Dominantly Inherited Alzheimer Network Trials Unit 

(DIAN-TU) are trials focus on slowing the progression of AD, but specifically target the 

autosomal dominant form of the disease (Bateman et al., 2017). DIAN-TU trials aim to do 

by genetic testing and incorporating multiple drugs based on their ability to slow the 

progression or prevent AD in the genetically vulnerable population (Bateman et al., 2017; 

Panza et al., 2018). However, lifestyle and environmental factors have not yet been 

incorporated into these emerging models.

Eid et al. Page 18

Pharmacol Ther. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3 depicts a proposed personalized therapy approach for individuals with AD. In this 

model, we highlight the importance identifying multiple risk factors, and that they may 

contribute individually, and/or in some cases act in combination to increase susceptibility for 

AD (Carlsten et al., 2014). For instance, the APOE gene is consistently identified as a major 

risk factor, and presents itself as a distinct therapeutic target (Villeneuve, Brisson, Marchant, 

& Gaudet, 2014). It is likely that lifestyle or other environmental factors likely work in 

combination with the APOE gene, and may enhance these effects. Similarly, in a subset of 

individuals the ESR1 gene has been implicated with AD risk. SNPS in this gene are shown 

to significantly delay the onset of AD in females but not males (Janicki et al., 2014). As such 

the importance of identifying sex by gene interactions was demonstrated in a clinical trial, 

during which women with ESR1 gene polymorphisms were far more responsive to treatment 

with cholinesterase inhibitors (donepezil or rivastigmine) (Scacchi, Gambina, Broggio, & 

Corbo, 2014).

By building and validating models as presented in Figure 3, targeted or personalized 

therapeutic strategies for individuals at risk for AD may be developed. This would include 

establishing a comprehensive patient history, which would include patient demographics 

(sex, age, education level), and identification of known genetic variants (sequencing 

analysis), as well as any family history of disease. Finally, a detailed description of other 

modifiable factors that may contribute to an individual’s risk or disease progression, such as 

alcohol consumption or CVD, and in the case of the environmental exposure this would 

include air pollution and pesticide exposure. Depending on the outcomes of these 

assessments, this would subsequently be followed up by disease biomarker analyses, which 

would include serum or neuroimaging analysis. In individuals who are at risk for specific 

exposures, such as pesticides may also be monitored for pesticide levels in urine, or serum 

levels as a measurement of current or past exposure. By utilizing these approaches and 

taking a personalized history of an individual’s risk history (exposure, lifestyle, genetic 

factors) this could allow for monitoring of these susceptible individuals before the onset of 

clinical symptoms, and potentially allow for earlier therapeutic intervention. In the case of 

individuals who may be exceedingly vulnerable due to some of these non-modifiable factors 

(i.e, age and genetic variants), the identification and removal of these factors may provide 

more favorable outcomes. It would also provide researchers and clinicians greater 

opportunity to monitor how these factors may contribute uniquely to the individual.

Examples of this procedure could be theoretically proposed for those individuals with a 

previous history of pesticide exposure who develop AD. By implementing this personalized 

approach, researchers could incorporate data from a multitude of risk factors outlined in 

Figure 3. In the pesticide example, an individual with the APOE4 gene variant may be more 

susceptible to the cognitive disruption produced by pesticide exposure, based on the 

evidence provided by previous work in the case of DDT (Richardson et al., 2014). 

Furthermore, the environmental exposure history, and serum measurements for pesticides 

would be particularly important for acquiring proper data and relevant information about 

patient exposure history. It should be noted that this process is not without challenges, as 

self-reported exposures would likely be necessary for newer, less persistent pesticides whose 

levels would indicate only recent exposure. In this scenario, patients would subsequently be 

monitored for buildup of amyloid using neuroimaging or other sources of biomarkers (i.e. 
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serum and/or CSF), as pesticides have been implication in the upregulation of APP. The 

most appropriate option for these individuals would be therapeutic with a mode of action of 

decreasing amyloid, such as a β-secretase inhibitor or an amyloid beta immunotherapy.

6.0 Conclusion

The challenges that face researchers with a disease of such complexity as AD are in part due 

to the inability to identify specific groups of patients that exhibit similar needs for therapy. 

While the focus has largely remained on ameliorating pathological hallmarks, it also would 

be beneficial to understand differences among individuals in development of these 

pathologies. An understanding of converging pathways of disease would greatly aid in 

providing better therapeutic options for patients as well as increasing desired outcomes. AD 

is a disease which manifests as many intertwined factors, including genetic risk, 

environmental, and lifestyle which contribute to its different risk levels. Understanding these 

risks, and modifying them is the first step, and the second is better understanding how they 

converge on known pathways involved in AD pathology. The inclusion of both sexes and a 

comprehensive analyses of multiple risk factors (genetic or environmental, lifestyle) should 

become standard practice for diagnostics. To provide a more personalized therapeutic option 

for patients, all possible avenues of risk must be fully considered, as this may provide better 

understanding and allow for patients to receive drugs with a specific mode of action, which 

may be more efficacious.
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Figure 1: 
Biomarker progression in patients by clinical disease stage. This image is directly 

reproduced from an open access article (Leclerc & Abulrob, 2013) distributed under the 

Creative Commons Attribution License.
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Figure 2: Genes with Variants Associated with Late-Onset AD.
Genes confirmed by IGAP, with the exception of CD33 identified by*. These genes cluster 

in specific categories based on function. The vast majority are involved in immunity, others 

involve lipid homeostasis, cytoskeletal interactions, endocytosis and apoptosis. A fair 

number of genes still have either unknown functions, or it is unknown how they relate to AD 

disease mechanisms.
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Figure 3: Proposed scenario for providing a personalized therapeutic approach to AD.
Patients would undergo a series of assessments to identify which factors increase risk of AD. 

These assessments include demographics, family history of disease, genetic screening for 

common variants and other, more rare polymorphisms, environmental exposure assessment, 

and lastly a lifestyle questionnaire would be administered. Following confirmation of risk 

factors, patients would be tested for disease biomarkers, via neuroimaging or serum/CSF 

markers. If possible, the risks that are modifiable such as environmental exposures and 

lifestyle habits would be modified to reduce contribution to disease progression. Based on 

these data patients would then be provided with a therapeutic option with a mode of action 

tailored to the mechanism most relevant to their individual risk profile.
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Table 1:

Gene Variants associated with AD

APP Amyloid precursor protein

PSEN1 Presenilin 1

PSEN2 Presenilin-2

MAPT Microtubule associated protein tau

TREM2 Triggering receptor expressed on myeloid cells 2

ABCA7 ATP binding cassette subfamily A member 7

BIN1 Bridging integrator 1

CD2AP CD2 associated protein

CLU Clusterin

CR1 Complement receptor type 1

EPHA1 Ephrin type-A receptor 1

MS4A6A Membrane-spanning 4-domains, subfamily A, member 6A

PICALM Phosphatidylinositol binding clathrin assembly protein

APOE Apolipoprotein E

CD33 CD33 molecule or sialic acid-binding Ig-like lectin 3

CASS4 Cas scaffold protein family member 4

CELF2 CUGBP elav-like family member 2

FERMT2 Fermitin family member 2

HLA Human leukocyte antigen

INPP5D Inositol polyphosphate-5-phosphatase D

MEF2C Myocyte enhancer factor 2C

NME8 NME/NM23 family member 8

PTK2B Protein tyrosine kinase 2 beta

SLC24A4 Solute carrier family 24 member 4

SORL1 Sortilin related receptor 1

ZWCPW1 Zinc finger CW-type and PWWP domain containing 1
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