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Abstract

Epidemiological and genetic studies have pointed to the role of cholesterol in Alzheimer’s disease 

(AD). We explored the interaction of a genetic risk score (GRS) of AD risk alleles with mid-life 

plasma lipid levels (LDL-C, HDL-C, and triglycerides) on risk for AD in the Framingham Heart 

Study (FHS). Mid-life (between the ages of 40–60 years old) lipid levels were obtained from 

individuals in the FHS Original and Offspring cohorts (157 cases and 2,882 controls) with genetic 

data and AD status available. Cox proportional hazards regression was performed to test the 

interaction between mid-life lipid levels and an AD GRS, as well as the individual contributing 

SNPs, on risk of incident AD adjusting for age, sex, and cohort. We found a significant interaction 

between a GRS of AD loci and log triglyceride levels on risk of clinical AD (p=0.006), but no 

interaction of the GRS with HDL-C (p=0.458) or LDL-C (p=0.366). We then tested the interaction 

between the individual SNPs contributing to the GRS and log triglycerides. We found two SNPs 

that had interactions with triglycerides on AD risk that reached a p-value < 0.05 (rs11218343 and 

APOE e4). The association between some AD SNPs and risk of AD may be modified by 

triglyceride levels. Furthermore, sequential testing of a GRS with a set of traits on disease 

followed by testing individual SNPs for interaction provides a framework for narrowing the 

associations that need to be tested for interaction analyses. Replication is needed to confirm these 

findings.
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INTRODUCTION

Alzheimer’s disease (AD) is a debilitating neurological disease affecting more than 5 million 

individuals living in the United States[1]. Both genetic and environmental risks for AD have 

been identified. Apolipoprotein E (APOE) e4 allele is an established genetic risk factor for 

AD. Along with roles in neuronal growth, repair response to tissue injury, and nerve 

regeneration, APOE is critical in the transport of cholesterol and other lipids, and activation 

of lipolytic enzymes. Additionally, genome-wide association studies (GWAS) have 

identified over 20 single nucleotide polymorphisms (SNPs) associated with late-onset AD 

and have provided evidence that AD is multi-factorial[2]. One of the pathways implicated by 

AD GWAS is cholesterol and lipid metabolism. Variants in three genes: APOE, Clusterin 

(CLU) and ATP Binding Cassette Subfamily A Member 7 (ABCA7) have been identified by 

both AD and lipid GWAS studies. These genes also have been shown to have influences on 

amyloid-β (Aβ), a biomarker of AD [3, 4].

Epidemiological studies have also pointed to the role of cholesterol and triglycerides in 

cognitive decline[5] and AD[6, 7] and specifically mid-life cholesterol, where increased total 

cholesterol is associated with an increased risk of AD[8], although this was not confirmed in 

other cohorts[9]. This heterogeneity in the effects of lipid levels on AD could be explained 

by genetics. Whether lipid levels interact with AD genetic variants to modulate risk for AD 

is not known. We aimed to identify genetic interactions between AD risk SNPs and mid-life 

plasma lipid levels on AD risk. We first tested the interaction between a genetic risk score 

(GRS) of previously identified AD risk SNPs. We then tested the interaction with lipid levels 

for individual SNPs contributing to the GRS. Unraveling these interactions can aid in 

identifying sub-groups of individuals based on genetics, which can be assayed before 

clinical symptoms manifest, that are more susceptible to altered plasma lipid levels on risk 

of AD.

METHODS

Framingham Heart Study

The Framingham Heart Study (FHS) is a community-based, longitudinal cohort study that 

was initiated in 1948. The original cohort comprised 5,209 residents of Framingham, 

Massachusetts, and these participants have undergone up to 32 examinations, performed 

every 2 years, that have involved detailed history taken by a physician, a physical 

examination, and laboratory testing [10]. In 1971, a total of 5,214 offspring of the 

participants in the original cohort and the spouses of these offspring were enrolled in an 

offspring cohort. The participants in the offspring cohort have completed up to 9 

examinations, which have taken place every 4 years [11].

All participants have provided written informed consent. Study protocols and consent forms 

were approved by the institutional review board at the Boston University Medical Center.
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Definition of AD

The diagnosis of AD is based on criteria for possible, probable, or definite AD from the 

National Institute of Neurological and Communicative Disorders and Stroke and the 

Alzheimer’s disease and Related Disorders Association (NINCDS–ADRDA) [12, 13].

The surveillance methods for the FHS have been published previously [14, 15], and details 

about AD tracking are available elsewhere [16]. In brief, cognitive status has been monitored 

in the original cohort since 1975, when comprehensive neuropsychological testing was 

performed. Since 1981, participants in the original cohort have been assessed at each 

examination with the use of the Mini–Mental State Examination (MMSE)[17]; participants 

are flagged for further cognitive screening if they have scores below the pre-specified 

cutoffs, which are adjusted for educational level and prior performance. Participants in the 

offspring cohort have undergone similar monitoring[18]; they answered a subjective memory 

question in 1979, have undergone serial MMSEs since 1991, and have taken a 45-minute 

neuropsychological test every 5 or 6 years since 1999.

A dementia review panel, which includes a neurologist and a neuropsychologist, has 

reviewed every case of possible cognitive decline and dementia ever documented in the 

FHS. For cases that were detected before 2001, a repeat review was completed after 2001 so 

that up-to-date diagnostic criteria could be applied. The panel determines whether a person 

had dementia, as well as the dementia subtype and the date of onset, using data from 

previously performed serial neurologic and neuropsychological assessments, telephone 

interviews with caregivers, medical records, neuroimaging studies, and, when applicable and 

available, autopsies[14]. After a participant dies, the panel reviews medical and nursing 

records up to the date of death to assess whether the participant might have had cognitive 

decline since his or her last examination[19].

We set the baseline age of entry to 65 years old; follow-up began at age 65 or at entry date 

for those that entered AD surveillance after age 65. We set no minimum follow-up time and 

a maximum follow-up of 20 years.

Plasma Lipids Levels

Fasting high density lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol 

(LDL-C), and triglycerides in mg/dl units were obtained from the clinical exam with an age 

closest to age 50 to represent mid-life lipid level. Individuals without lipid levels measured 

in the range of 40–60 years old were excluded. Triglyceride levels were not normally 

distributed and a log transformation was used before analysis.

We defined lipid extremes by two approaches: (1) as the clinically deviant sex-specific 5th 

percentiles from the publicly available National Health and Nutrition Examination Survey 

(NHANES) 2013–2014 lipid ascertainment, and (2) as the established cut-off values from 

the National Cholesterol Education Program ATP III guidelines. NHANES is designed to be 

representative of United States demographics and aims to ascertain health, nutrition, and 

clinical outcomes data (https://www.cdc.gov/nchs/nhanes/index.htm). Males with LDL-C ≥ 

169 mg/dl and female with LDL-C ≥ 168 mg/dl were considered to have high LDL-C. Males 

with triglycerides ≥ 287 mg/dl and females with triglycerides ≥ 226 mg/dl were considered 
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to have high triglycerides. Males with HDL-C ≤ 31 and females with ≤ 35 were considered 

to have low HDL-C. Using the NCEP-ATP III guidelines, we defined low HDL-C as < 40 

mg/dl, high LDL-C as ≥ 190 mg/dl, and high triglycerides as ≥ 200 mg/dl.

We additionally obtained each participant’s lipid lowering medication status, systolic blood 

pressure, body mass index, history of type 2 diabetes, prevalent coronary heart disease, and 

prevalent stroke at the same exam as the lipid levels.

Genotypes

FHS participants had DNA extracted and provided consent for genotyping in the 1990s. All 

available eligible participants were genotyped at Affymetrix (Santa Clara, CA) through an 

NHLBI funded SNP-Health Association Resource (SHARe) project using the Affymetrix 

GeneChip Human Mapping 500K Array Set and 50K Human Gene Focused Panel. 

1000Genomes genotypes were imputed using Mach/Minimac as previously done[2]. Twenty 

SNPs previously reported to be associated with AD [2] were extracted (imputation quality > 

0.25; Supplemental Table 1). One reported SNP was not available (rs9271192). Despite low 

imputation quality for 2 SNPs, we included them as to capture some of the information from 

that SNP in the GRS. Additionally, APOE e4 genotypes were obtained. A weight genetic 

risk score (GRS) was created based by summing the 20 SNPs previously reported to be 

associated with AD plus the APOE e4 genotype multiplied by their reported effect size [2] 

on AD as weights (Supplemental Table 1). That is, for each individual i, 

GRSi = ∑s = 1
21 GENOTYPEsi ∗betas. A weight of 1.31 was used for APOE e4 [20]. The GRS 

was highly associated with AD in our sample (hazards ratio =2.633, p = 8 × 10−22) after 

adjusting for age, sex, and generation.

Statistical Analysis

All analyses were conducted in the FHS using the original cohort and offspring participants 

with fasting lipids levels and genotype data. Individuals with lipid levels available between 

the ages of 40 and 60 years old where included in analysis. For each lipid level, we 

performed Cox proportional hazards regression to test the interaction of the GRS with each 

lipid level on AD. All models were adjusted for age, sex, and cohort.

AD = β0 + ∑
covar

βi ∗ Covari + βGRS ∗ GRS + βlipid ∗ lipid + βinter ∗ GRS ∗ lipid

We applied a Bonferroni correction adjusting for testing three lipid levels for interaction 

with the GRS (0.05/3=0.017). For interactions that reached our Bonferroni corrected alpha 

level, we tested the interaction, separately, between each SNP contributing to the GRS with 

the relevant lipid level using a Cox proportional hazards regression model with an additive 

coding of the SNP adjusting for age, sex, and cohort. We did not apply a multiple testing 

correction when testing the individual SNPs contributing to the GRS.

All analysis were conducted in SAS and R-3.3.1.
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RESULTS

Of the 10,333 original and offspring cohort individuals, a total of 3,040 individuals were 

available in the FHS with AD status, at least one midlife plasma lipid level, and genotypes 

(Table 1). We found that AD cases were more likely to be female (63% vs. 54%, p=0.03), 

slightly older (52.0 vs. 51.3 years, p=0.005), and have a longer follow-up time (13.9 vs. 11.3 

years, p<0.001) compared with the controls. The longer follow-up in the cases is likely due 

to a loss-to-follow-up in the controls. Cases also had higher average LDL-C (p=0.001) and 

triglycerides (p=0.01) compared with controls (Table 1). We did not find a differences in 

lipid lowering medication, systolic blood pressure, body mass index, prevalent type 2 

diabetes, stroke, or coronary heart disease between cases and controls (p > 0.05).

We first tested the interaction between the GRS and each plasma lipid level on risk for AD. 

We found a significant interaction between the GRS and log triglyceride levels on AD status 

(p=0.006), but no interaction of the GRS with LDL-C (p=0.366) or HDL-C (p=0.458) (Table 

2). We observed that in controls, the GRS tracks with increased triglyceride levels 

(p=0.0003) (Figure 1A). Due to the low number of AD cases, it is difficult to interpret the 

relationship between the GRS and log triglycerides in the cases. Splitting the GRS into 

tertiles suggests that an increase in the GRS is associated with a decrease in triglyceride 

levels in AD cases, though not significant (beta=−0.004, p=0.94), but an increase in 

triglyceride levels in controls (beta=0.06, p=0.0003) (Figure 1B).

We performed three sensitivity analyses. Firstly, we categorized the lipids into extremes and 

tested the interaction between having an extreme lipid level and the GRS on risk of AD. We 

found consistent results when using either extremes defined as sex-specific 5th-percentiles in 

a reference population or using established clinical cut-offs compared to using continuous 

lipid levels. That is, high triglycerides showed evidence of an interaction with the GRS while 

low HDL-C and high LDL-C did not show evidence of an interaction (Table 2). Secondly, 

we adjusted for midlife systolic blood pressure (SBP) and body mass index (BMI) in the 

models and found consistent results to the models not adjusting for SBP and BMI (p=0.65 

for GRS*HDL-C interaction, p=0.50 for GRS*LDL-C interaction, and p=0.01 for GRS*log 

triglycerides interaction). Finally, we tested the interaction between each lipid level and the 

GRS on dementia. We found consistent results to when AD was used as the outcome 

(p=0.60 for GRS*HDL-C interaction, p=0.41 for GRS*LDL-C interaction, and p=0.008 for 

GRS*log triglycerides interaction).

Next, we tested the interaction between the individual variants contributing to the GRS and 

triglycerides. We found interactions between two variants with triglycerides on AD that 

reached a p-value < 0.05 (rs11218343 and APOE e4) (Table 3). To aid the interpretation of 

the effects for the interactions we performed stratified analyses. While not significant due to 

the low number of cases in the stratified analyses (85 e4 negative cases and 72 e4 positive 

cases), we found that the direction of the relationship between log triglycerides and AD 

differs based on APOE e4 status. In carriers of APOE e4 (n=667), there is a negative 

relationship between log triglycerides and AD (beta= −0.084, p=0.92), while in non-carriers 

of APOE e4 (n=2,372), there is a positive association between log triglycerides and AD 

(beta=0.33, p=0.13). And, while not statistically significant, in 1,978 APOE e3/e3 
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individuals, there is a positive relationship between log triglycerides and AD (beta=0.36, 

p=0.13). Furthermore, the effect of e4 status on AD is smaller in those with high 

triglycerides (hazard ratio=2.4, p=0.0117 in 38 cases of 555 total) compared to those without 

high triglycerides (hazard ratio=4.7, p<0.0001 in 119 cases of 2484 total).

Finally, we found that the effect of triglycerides on AD varies by rs11218343 (at the SORL1 
locus). While not significant in stratified analyses by AD status, the association between 

rs11218343 and triglyceride levels is stronger in individuals with AD compared with the 

controls. In individuals with AD, rs11218343 is negatively correlated with triglyceride levels 

(beta=−0.25, p=0.08), but this association is in the opposite direction and not as strong in 

controls (beta=0.018, p=0.60). In a large publicly available meta-analysis of plasma 

lipids[21], there is no observed association in the SORL1 locus with triglycerides or HDL-C, 

and a marginal genome-wide association with LDL-C (p~1×10−5; Supplemental Figure 1).

DISCUSSION

A number of studies have explored the relationship between lipids and AD risk with 

inconsistent results[8, 9, 22–25]. One possible explanation for the inconsistency in results is 

gene by environment interaction where subsets of individuals have different risk of AD for 

an “environmental” exposure, in this case lipid level, based on their genetic markers. 

Additionally, a number of genes have been implicated for both lipids and AD risk[2, 26, 27].

In this study, we demonstrated an interaction between a GRS of AD risk SNPs and 

triglyceride levels on risk of AD in the FHS. We did not observe an interaction between the 

GRS and LDL-C or HDL-C. Given the observed interaction between the GRS and 

triglycerides, we tested the interaction between each of the individual SNPs contributing to 

the GRS and triglycerides to refine which SNPs were contributing to the interactions with 

the GRS. We found 2 genotypes, APOE e4 and rs11218343, where the association between 

AD SNPs and risk of AD may be modified by triglyceride levels. rs11218343 is an intronic 

SNP upstream from the Sortilin-related receptor (SORL1). SORL1 is a neuronal 

apolipoprotein E receptor with links to LDL-C but not with triglycerides or HDL-C[21].

While the genetic markers are not modifiable, triglyceride levels can be modified by diet, 

lifestyle, and medications. Since we know our genetic markers before onset of clinical 

symptoms, this information can be used to tailor preventive strategies targeting triglyceride 

levels. We found that for an AD-specific GRS as well as two SNPs previously associated 

with AD status, the association between AD and genetic markers is modified by a 

modifiable factor (triglycerides), indicating (1) that the genetic effect can be tempered, and 

(2) that risk of AD from triglyceride levels vary based on genetic markers. Furthermore, in 

addition to treating high triglyceride levels for reducing risk of coronary heart disease, we 

found that in APOE e4 negative individuals, there is a relationship between increased 

triglyceride levels and increased AD risk, and therefore, treating triglycerides could also 

decrease risk of AD in e4 negative individuals. Our results suggest that if an individual does 

not carry any e4 alleles, then triglycerides have an effect on AD risk, but if an individual 

does carry any e4 allele then that is the driver of the AD risk.
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The advantages of our study include comprehensive diagnoses with adjudicated outcomes 

and over 10 years of longitudinal follow-up. We used lipid levels measured at mid-life to 

diminish the role AD has on changes in lipid levels. The Three-City (3C) study found that 

risk of AD was associated with both LDL-C and total cholesterol at baseline, but that the 

association between higher triglyceride concentrations and dementia disappeared after 

adjusting for vascular risk factors[9]. We did not observe diminishing associations after 

adjustment for midlife systolic blood pressure, suggesting that vascular risk factors are not 

contributing to our observed associations.

Limitations of our study include, first, FHS is composed of individuals of European descent 

and therefore these results may not be generalizable to non-European populations. Samples 

of European ancestry were used to derive the weights for the GRS[2], therefore, the GRS is 

most appropriately applied to a European ancestry sample. Second, the interaction between a 

GRS of AD risk SNPs and triglyceride levels on risk of AD in the FHS survives a 

Bonferroni correction for testing three interactions but the two individual SNPs would not 

survive a multiple testing correction and should be considered exploratory evidence for 

interactions between these SNPs and triglyceride levels. Third, since APOE influences lipid 

levels, they are not independent, which can result in increased type I error for the interaction. 

Fourth, the study only considers late-onset AD (after age 65) and the shape of the GxE 

interaction may vary according to age of onset, which we do not have power to test. The 

SNPs contributing to the GRS were derived from a study for late-onset AD[2] and therefore 

are most appropriate for this definition of AD. Finally, our study design does not allow for 

inference on the nature of the interaction.

In summary, in a population-based sample, we found an interaction between a GRS 

comprised of AD SNPs and midlife triglyceride levels on risk of AD, but no interaction of 

the GRS with midlife LDL-C or HDL-C. These associations were independent of midlife 

systolic blood pressure. Further studies are needed to replicate the interactions between the 

AD GRS and triglyceride levels and rule out potential false positive findings. If confirmed, 

this suggests that an AD-specific GRS can help tease apart the relationships between AD 

and plasma lipid levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Relationship between triglycerides and AD GRS by AD status.
(A). Relationship between the genetic risk score (GRS) (x-axis) and log(triglycerides) (y-

axis) separately by AD status shows that in controls, an AD SNP derived GRS tracks with 

increased triglyceride levels. (B). Categorizing the GRS into tertiles (low, medium, and high) 

suggests that an increase in the AD GRS is associated with a decrease in triglyceride levels.
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Table 1.

Descriptive Statistics of FHS individuals tested for interaction between genetics and plasma lipids on risk of 

AD.

Variable AD Cases Controls p-value*

N 157 2883

Female 99 (63%) 1566 (54%) 0.032

Age 52.0±3.0 51.3±2.8 0.005

Offspring Cohort 105 (67%) 2367 (82%) <.0001

Follow-up time 13.9±4.4 11.3±6.6 <.0001

HDL-C 54.4±18.0 52.6±16.3 0.180

LDL-C 148.3±39.9 138.4±36.4 0.001

Triglycerides 203.4±198.2 172.5±174.6 0.013**

% on lipid lowering treatment 2 (1%) 73 (3%) 0.320

Systolic Blood Pressure 124.5±14.4 125.6±16.9 0.434

Body Mass Index (BMI) 26.0±4.0 26.7±4.5 0.093

Type 2 Diabetes 6 (4%) 96 (4%) 0.745

Stroke 22 (14%) 303 (11%) 0.167

Coronary Heart Disease 34 (22%) 673 (23%) 0.626

Continuous variables displayed as mean±standard deviation and categorical variables are displayed N (percentage).

*
p-value comparing cases and controls using a two-sample t-test for continuous variables and a chi-square test for categorical variables

**
p-value for log(triglycerides)
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Table 2.

Interactions between AD GRS and lipid levels on AD status in up to 3039 FHS individuals.

Lipid Interactor N Cases N Total Beta SE pval

Continuous lipid level

HDL-C 156 2995 0.005 0.007 0.458

LDL-C 156 2995 −0.002 0.002 0.366

Log (triglycerides) 157 3039 −0.353 0.129 0.006

Extreme lipid level categorized by sex-specific 5th-percentiles of NHANES data

Low HDL-C 156 3031 0.168 0.314 0.593

High LDL-C 156 2995 −0.157 0.243 0.518

High triglycerides 157 3039 −0.573 0.254 0.024

Extreme lipid level categorized by ATP III clinical definitions

Low HDL-C 157 3040 0.011 0.224 0.960

High LDL-C 156 2995 −0.043 0.303 0.887

High triglycerides 157 3039 −0.655 0.223 0.003
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Table 3.

Interactions between SNPs constituting the GRS and log triglycerides on incident AD in the FHS with p < 

0.05.

Interaction SNP minor allele frequency Beta StdErr p-value

Log(triglycerides)*APOE dosage 0.12 −0.323 0.156 0.037

Log(triglycerides)*rs11218343 0.04 −0.773 0.295 0.009
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