
Analysis of pleiotropic genetic effects on cognitive impairment, 
systemic inflammation and plasma lipids in the Health and 
Retirement Study.

Michael W. Lutza,*, Ramon Casanovab, Santiago Saldanab, Maragatha Kuchibhatlac, Brenda 
L. Plassmana, Kathleen M. Haydend

aDepartment of Neurology, Duke University School of Medicine, Durham, North Carolina, United 
States of America

bDepartment of Biostatistical Sciences, Wake Forest School of Medicine, Winston-Salem, North 
Carolina, United States of America

cDepartment of Biostatistics and Bioinformatics, Duke University School of Medicine, Winston-
Salem, North Carolina, United States of America

dDepartment of Social Sciences and Health Policy, Wake Forest School of Medicine, Winston-
Salem, North Carolina, United States of America

Abstract

Variants associated with modulation of c-reactive protein (CRP) and plasma lipids have been 

investigated for polygenic overlap with Alzheimer’s Disease risk variants. We examined 

pleiotropic genetic effects on cognitive impairment (CI) conditioned on genetic variants (SNPs) 

associated with systemic inflammation as measured by CRP and with plasma lipids using data 

from the Health and Retirement Study (HRS). SNP enrichment is observed for CI conditioned on 

the secondary phenotypes of plasma CRP and lipids. Fold enrichment of 100% – 800% was 

observed for increasingly stringent p-value thresholds for SNPs associated with CI conditional on 

plasma CRP, 80%–800% for Low-Density Lipoprotein (LDL) and 80% – 600% for total 

cholesterol (TC). Significant associations (FDR (q) ≤ 0.05) between CI, conditional with either 

CRP, LDL or TC are found for the locus on chromosome 19 that contains the APOE, TOMM40, 
APOC1, PVRL2 genes. Relative numbers of significant SNPs in each of the genes differed by the 

conditional associations with the secondary phenotypes. Biological interpretation of both the 

genetic pleiotropy results and the individual genome-wide association results show that the 

variants and proximal genes identified are involved in multiple pathological processes including 

cholesterol metabolism, inflammation and mitochondrial transport. These findings are potentially 

important for AD risk prediction and development of novel therapeutic approaches.
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1. Introduction

The association between lipid levels, inflammation, and cognitive impairment is complex. 

Lipid metabolism is related to inflammatory markers(Ravaglia et al., 2007) and apoE is a 

ligand for cholesterol transport(Poirier et al., 2014). As many reports have noted the 

involvement of inflammatory and lipid metabolism pathways for AD,(Akiyama et al., 2000; 

Di Paolo and Kim, 2011) studies that investigate cognitive impairment conditioned on 

phenotypes that are linked with these pathways provide the potential to identify variants 

associated with the earliest changes in the development of AD, vascular contributions to 

cognitive impairment and dementia (VCID), and other neurodegenerative diseases of aging.

Genome-wide association studies (GWAS) for late-onset Alzheimer’s disease (AD) have 

demonstrated associations between AD and the Apolipoprotein E (APOE) genotype as well 

as genetic variants involved in inflammatory and microglial activation pathways(Broussard 

et al., 2012; Efthymiou and Goate, 2017; Gonzalez-Reyes et al., 2017; Pimenova et al., 

2018). Variants associated with modulation of c-reactive protein (CRP) and plasma lipids 

have been identified by GWAS and investigated for polygenic overlap with AD risk variants 

with the results showing that SNPs associated with CRP and plasma lipids (High-Density 

Lipoprotein (HDL), Low-Density Lipoprotein (LDL) and triglycerides) are also associated 

with increased risk for AD (e.g. genetic pleiotropy)(Desikan et al., 2015). By testing for 

association using conditional phenotypes, novel loci were identified that were not reported in 

large AD case control studies, and they provided information about the involvement of 

pathways related to systemic inflammation, plasma lipids (HDL, LDL and triglycerides) and 

AD(Desikan et al., 2015). Using multiple phenotypes for genetic studies enables 

investigation of shared overlap between the phenotypes, genetic variants, genes and 

pathways. This approach has been utilized to examine genetic pleiotropy between multiple 

diverse diseases and phenotypes including schizophrenia and cognitive traits(Smeland et al., 

2017), bipolar disorder(Andreassen et al., 2013b), multiple sclerosis(Andreassen et al., 

2015b), cardiovascular disease risk factors(Andreassen et al., 2013a), as well as 

schizophrenia and educational attainment.(Le Hellard et al., 2017) Other diseases and 

phenotypes to which the approach has been applied include Parkinson’s disease and 

autoimmune diseases(Witoelar et al., 2017), blood lipids and immune-related 

diseases(Andreassen et al., 2015a) and others(Andreassen et al., 2014a; Andreassen et al., 

2014b; Liu et al., 2013).

Cognitive impairment in aging develops as a consequence of genetic and environmental 

factors. APOE ε4 carriers have both a higher risk of developing cognitive impairment and 

AD and developing symptoms earlier than APOE e4 non-carriers(Raber et al., 2004). Large, 

consortium GWAS studies of AD have identified SNPs in genes involved in lipid 

metabolism Clusterin (CLU), ATP Binding Cassette Subfamily A Member 7 (ABCA7) and 

inflammation Complement C3b/C4b Receptor 1 (CR1), Major Histocompatibility Complex, 

Lutz et al. Page 2

Neurobiol Aging. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Class II, DR Beta 5 (HLA-DRB5)(Hollingworth et al.; Jones et al., 2010; Lambert et al., 

2013; Lambert et al., 2009; Naj et al.); rare coding variants in Phospholipase C Gamma 2 

(PLCG2), ABI Family Member 3 (ABI3) and Triggering Receptor Expressed On Myeloid 

Cells 2 (TREM2) have also been reported that support a role for innate immune response 

contributing directly to the development of AD(Sims et al., 2017). Genome-wide analysis to 

identify variants affecting the rate of age-related cognitive decline have shown a strong 

association with APOE (Wilson et al., 2002), a coding variant in the CR1 gene(Chibnik et 

al., 2011), and with a common SNP that influences the expression of Phosphodiesterase 7A 

(PDE7A) and Mitochondrial Fission Regulator 1 (MTFR1) which are potential regulators of 

inflammation and oxidative injury(De Jager et al., 2012). For environmental factors, several 

longitudinal studies have shown an association between inflammatory markers including 

CRP and Interleukin 6 (IL-6) with dementia in the elderly(Teunissen et al., 2003; Weaver et 

al., 2002); one study noted that increased CRP levels may precede clinical symptoms of 

dementia by 25 years(Schmidt et al., 2002). While genetic factors are not modifiable, control 

of plasma lipids, e.g. reduction of LDL levels and systemic inflammation are risk factors that 

are potentially modifiable by lifestyle changes and/or medication(Georgoysopoulou et al., 

2016; King et al., 2003; Livingston et al., 2017; Ma et al., 2008).

In the present study, we investigate pleiotropic genetic effects on cognitive impairment 

conditioned on genetic variants associated with systemic inflammation and with plasma 

lipids (Low-Density Lipoprotein (LDL), High-Density Lipoprotein (HDL), Total Cholesterol 

(TC)) in a large, nationally representative longitudinal panel study of aging of older adults: 

the Health and Retirement Study (HRS)(Juster and Suzman, 1995).

2. Materials and methods

The HRS has been assembled from several different studies including the Asset and Health 

Dynamics among the Oldest Old (AHEAD) study (begun in 1993) and the HRS, which 

began in 1992. Other studies have been folded into the HRS including the War Baby Study 

and the Children of the Depression Study. Today, these studies are collectively referred to as 

the HRS and form a large, longitudinally followed, representative cohort of Americans aged 

50 and older. All participants provide informed consent; interviews take place biennially and 

are conducted by the Survey Research Center at the University of Michigan. The study 

protocol was approved by the University of Michigan Institutional Review Board (IRB). The 

current project was approved by the Wake Forest School of Medicine and the Duke 

University Medical Center IRBs.

2.1. Participants

HRS participants are geographically dispersed across the US and are a representative sample 

of older Americans. Repeated biennial cognitive evaluations begin once participants turn age 

65. As such the current study includes only participants’ observations once they turn age 65 

and is further limited to those who participated in DNA collection in 2006 or 2008.
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2.2. DNA samples, genotyping, and imputation

HRS genotype data was obtained from dbGAP (www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/

study.cgi?study_id=phs000428.v1.p1.). Briefly, saliva samples were collected for DNA 

extraction and GWA studies in 2006 and 2008. A total of 12,507 study individuals were 

genotyped on the Illumina HumanOmni2.5–4v1 array. The median call rate is 99.7% and the 

error rate estimated from 336 pairs of study sample duplicates is 6 × 10−5. Details for the 

genotyping procedure and the quality control approach that was applied for all of the 

genotypes used in the analyses in this paper are provided in the Quality Control Report for 

Genotypic Data for dbGaP users of the HRS genotypic data (http://hrsonline.isr.umich.edu/

sitedocs/genetics/HRS_QC_REPORT_MAR2012.pdf).

Genotype imputation to dense haplotype reference panels is considered an essential tool in 

GWAS. We used the imputed genotypes, provided by the University of Washington Genetics 

coordinating Center for all GWAS analyses. Details of the imputation process are provided 

at http://hrsonline.isr.umich.edu/sitedocs/genetics/

1000G_IMPUTE2report_HRS2_2006_2008_2010.pdf. In brief, the world-wide reference 

panel from the 1000 Genomes project of all 1,092 samples from the phase I integrated 

variant set (v3, released March 2012) was used with the IMPUTE2 software for genotype 

imputation, The imputation output provided a set of 21,632,048 SNPs for the downstream 

analysis (GWA and conditional analysis).

For APOE, 1000 Genomes imputation dosages were used for estimation of APOE genotype 

based on the method described in the HRS documentation (http://hrsonline.isr.umich.edu/

sitedocs/genetics/candidategene/FileDescription_Longevity.pdf).

2.3. CRP and plasma lipid measurement

Extensive documentation on the sample collection, laboratory procedures for CRP and 

plasma lipid measurements are provided in the HRS documentation, available at http://

hrsonline.isr.umich.edu/modules/meta/bio2008/desc/Biomarker2006and2008.pdf

For this study, laboratory measurements from 2008 were used if available (>95% of 

individuals) and from 2006 if not available in 2008. CRP and plasma lipid data from a total 

of 6,545 participants was available for the study. Direct measurement of LDL was not 

available for this cohort, therefore, to approximate LDL, the equation LDL = TC – HDL was 

used.

2.4. HRS Telephone Interview for Cognitive Status (TICS) for identification of Cognitive 
Impairment

The HRS instrument used to collect data on cognitive status is a version of the modified 

Telephone Interview for Cognitive Status (TICS)(Welsh et al., 1993) that has been modified 

further specifically for the HRS. The TICS(Brandt et al., 1988) was modeled after the Mini-

Mental State Examination,(Folstein et al., 1975) a standard measure of global cognitive 

function, and has good sensitivity and specificity for the identification of dementia.(Manly et 

al., 2011) For the HRS, the TICS was modified to an abbreviated version with a total of 35 

points. For the current study, we augmented TICS scores with three other approaches to 
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identify cases of cognitive impairment. Using TICS scores, we determined cognitive 

impairment by using a two-step process that provides a bi-valued response (cognitively 

normal or cognitive impairment). First we applied a cut off of 10 points on the TICS, which 

is a validated cut point for cognitive impairment(Langa et al., 2008). We then added a 

second criteria of requiring participants to score at or below this cut off over two consecutive 

interviews to avoid the inclusion of false positive participants. We used informant reports of 

impairment based on a cutoff of 3.6 or higher on the Informant Questionnaire on Cognitive 

Decline in the Elderly (IQCODE)(Jorm, 1994; Jorm, 2004) indicating a severe decline in 

cognitive functioning. Probabilities of dementia were previously calculated in the HRS.

(Hurd et al., 2015) We examined these probabilities and after evaluating concordance with 

other methods, we applied a cutoff of probability of impairment of 65% or higher to identify 

impairment. We also used two self-report indicators where participants were asked if they 

had been told they have a diagnosis of Alzheimer’s disease or dementia. In most cases, 

where the data were available, these varied methods of case ascertainment were in 

agreement.

2.5. Statistical and Bioinformatics Analysis

2.5.1. Genome-wide association analysis—Separate GWA analyses were run for 

each of the phenotypes: cognitive impairment, CRP, HDL, LDL and TC. Imputed genotypes 

for the 21,632,048 SNPs were used for the GWA. Cognitive impairment was run as a logistic 

regression for a bivariate response in PLINK while the CRP and plasma lipid phenotypes 

were run as linear regressions. For all GWA, an additive allelic genetic model was used.

Filtering for identity by descent reduced the initial sample size from 12,507 to 12,484. As 

described in Arpawong et. al, we adjusted for population stratification by performing 

principal component analysis and using the first four principal components as 

covariates(Arpawong et al., 2017). The principal component analysis was performed on the 

12,484 unrelated individuals using the R package, SNPRelate(Zheng et al., 2012). The top 

four principal components, age, sex and education level were included as covariates for all 

of the GWA (cognitive impairment, CRP and plasma lipids). For the GWA analysis, after 

filtering, there were 10,307 individuals available for the analysis data set, however this 

number was reduced to 6,545 where CRP and plasma lipid measurements were available, 

this set of individuals were used for all of the GWA. All genetic association analyses were 

performed using PLINK 1.9(Purcell et al., 2007). Since we are using imputed genotypes, the 

INFO criteria provided by PLINK was used for post association analysis as a quality control 

measure prior to the pleiotropy analysis(Purcell et al., 2007). The INFO metric is based on 

the ratio of empirical and expected variance in dosage. Values closer to 1 indicate better 

expected quality of imputation. Values can be above 1; values much greater than 1 can 

indicate strong departure from Hardy Weinberg equilibrium. To achieve a balance between 

stringency and coverage, we restricted analysis to SNPs that had INFO scores between 0.6 

and 1.06. This criteria included 90% of the imputed SNPs (19,468,843 SNPs); 0.5% of SNPs 

had INFO scores above 1.06 and 9.5% had scores below 0.6. Manhattan plots, Q-Q plots and 

summary tables of the genetic association results for the individual GWA are provided in the 

Supplement.
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2.5.2. Pleiotropy analysis—The pleiotropy analysis strategy, based on conditional false 

discovery rates, fold-enrichment plots and conditional quantile-quantile (q-q) plots is 

described in detail elsewhere.(Desikan et al., 2015) In brief, for two phenotypes A and B, 

pleiotropic enrichment of phenotype A conditional on phenotype B exists if the proportion 

of variants (SNPs) statistically significantly associated with phenotype A increases as a 

function of increased statistically significant SNP associations with phenotype B. The 

number of SNPs associated with phenotype A is determined for several thresholds of SNP 

association with phenotype B; the proportions are calculated relative to a baseline of all 

SNPs statistically significantly associated with phenotype A. For this study, phenotype A, 

the primary phenotype, is cognitive impairment and phenotype B, the conditional 

phenotypes, are the biomarkers (CRP, LDL, HDL, and TC). Fold enrichment plots 

graphically depict pleiotropy by showing fold enrichment in terms of numbers of SNPs on 

the ordinate and nominal −log10(P) values for association with cognitive impairment on the 

abscissa. Separate curves are shown for subsets of SNPs that reach specific levels of 

significance for their association with CRP, LDL, HDL and TC respectively. Conditional 

quantile-quantile plots for the same data shown in the fold enrichment plots provide 

additional assessment of genetic pleiotropy for each set of GWA results. Following the prior 

analysis strategy(Desikan et al., 2015), we focused the analysis for polygenic enrichment on 

SNPs below the standard GWAS Bonferroni-corrected p-value thresholds for association 

with cognitive impairment by using subsets of SNPs with a nominal −log10(P) < 9.0.

For identification of specific SNPs conditionally associated with cognitive impairment and 

one or more of the secondary phenotypes, a conditional false discovery rate (FDR) statistic 

is calculated as described in the prior analysis strategy (Desikan et al., 2015) and other 

publications(Andreassen et al., 2015a; Andreassen et al., 2013a; Andreassen et al., 2015b; 

Andreassen et al., 2014a; Andreassen et al., 2013b; Le Hellard et al., 2017; Witoelar et al., 

2017). This framework is an extension of the standard analysis for FDR calculations and 

uses information from the secondary phenotypes (CRP and plasma lipids) to re-rank the p-

values for the primary phenotype (cognitive impairment). We used a conditional FDR of 

0.05 to show statistical significance; note that this level must be exceeded in both 

phenotypes for the overall test to be declared significant. The significance threshold of 0.05 

for the conditional FDR(Hochberg and Benjamini, 1990) corresponds to 5 false positives per 

100 reported associations. Manhattan plots of the FDRs for conditional association of 

cognitive impairment on CRP and on the plasma lipids are used to summarize the data.

2.5.3. Functional genomics bioinformatics analysis—Functional bioinformatics 

analysis was performed to evaluate the biological significance of the SNPs that were found 

to be significantly associated with cognitive impairment, conditional on the CRP and plasma 

lipid phenotypes. Three bioinformatics analysis tools were used to map the SNPs to genes 

by proximity, define the genomic context for the variant, annotate effects on phenotypes and 

identify relevant literature about the variant. The UCSC genome browser (http://

genome.ucsc.edu/) was used to map each variant to proximate genes and to provide the first 

level of information about the genes and biological consequences of the genes(Kent et al., 

2002). The Variant Effect Predictor (VEP) that is part of the Ensembl genome database 

project (http://www.ensembl.org) was used to provide information about the effects of the 
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SNPS on genes, transcripts and regulatory regions(McLaren et al., 2016). SNPnexus (http://

www.snp-nexus.org/) was used to provide additional annotation on gene/protein 

consequences and phenotype- and disease- association for the variants(Chelala et al., 2009; 

Dayem Ullah et al., 2013).

3. Results

3.1. Descriptive characteristics of the sample

Table 1 summarizes the descriptive characteristics of the sample. The sample consisted of 

6,545 individuals interviewed from 1992 to 2010 who provided both DNA and biomarker 

samples. Demographic data, TICS scores, biomarker (CRP, HDL, LDL and TC) and APOE 
genotype are summarized for the entire sample, impaired individuals (classified as 

cognitively impaired as defined in Methods) and unimpaired individuals. For the entire 

sample the mean age was 72.2(sd 7.5) with a higher proportion (58%) of females. There was 

a statistically significant (P<0.0001) difference of 7.0 years in age between the impaired 

(78.9 years, sd 7.5) and the unimpaired (71.8 years, sd 7.3) groups. There was no 

statistically significant difference in the proportion of females between the impaired and 

unimpaired groups. There were highly statistically significant differences (P < 0.0001) in 

education between the impaired (11.3 years, sd 3.8) and unimpaired (12.6 years, sd 3.0) 

groups. There were highly statistically-significant differences in APOE genotype 

frequencies between the impaired and unimpaired groups with higher APOE ε4 frequencies 

in the impaired group (Table 1).

There were no statistically significant differences between the impaired and unimpaired 

groups for the plasma CRP, LDL or TC biomarkers. There was a marginally statistically-

significant (p=0.03) difference for HDL between the impaired and unimpaired groups. 

Histograms of the plasma CRP and lipid biomarkers are shown in Fig 1. The distributions of 

the CRP and lipid biomarkers showed a slight departure from normality (p=0.01 (for all of 

the biomarkers)) based on the Komologorov-Smirnov-Lilliefors test. A log transformation 

did not correct for normality, therefore the untransformed data was used.

3.2. Genome-wide association summary results for the individual phenotypes

Prior to assessment of polygenetic overlap between cognitive impairment and CRP/plasma 

lipids, the individual genome-wide association studies for each phenotype were analyzed for 

quality control and overall genetic association statistics. The supplement contains summaries 

for each phenotype: Manhattan plots (Supplementary Fig. S1), q-q plots (Supplementary 

Fig. S2) and Tables of association statistics (Supplementary Table S1). The genome-wide 

significance level was 8.3*10−9 based on a Bonferroni correction for the number of SNPs. 

For the primary cognitive impairment phenotype, numerous genome-wide significant SNPs 

in the APOE-TOMM40 region of chromosome 19 were observed (Supplementary Fig. S1E), 

as was a single SNP near the SMYD3 gene on chromosome 1. For the HDL phenotype, 

SNPs in the genomic region on chromosome 16 overlapping and near the Cholesteryl Ester 

Transfer Protein (CETP) gene reached genome wide significance, with p values as low as 

1*10−13. An objective of this study to test for polygenic effects below the standard GWAS 

significance threshold. Therefore the Tables of results (Supplementary Table S1) report on 
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SNPs with a nominal level of significance of −log10(P) ≥ 6 corresponding to P≤1*10−6. 

Inspection of the Manhattan plots (Supplementary Fig. S1) show several regions of the 

genome with nominal levels of association (P≤1*10−6) for the different phenotypes. The q-q 

plots (Supplementary Fig. S2) show that population stratification was accounted for in the 

association analysis. A notable result for the CRP phenotype is the identification of the 

APOE coding SNP, rs429358 at an association significance level of 2.38*−7. The minor 

allele (C) for this variant, has a frequency of 14% in the HRS cohort which is comparable to 

the 15% reported for the 1000 Genomes Phase 3 combined population.

3.3. Assessment of polygenic overlap between cognitive impairment and CRP/plasma 
lipids

The fold enrichment plot (Fig 2A) demonstrates SNP enrichment for cognitive impairment 

across different levels of significance with CRP association. This result and the associated 

conditional FDR Manhattan plot (Fig 3A) support polygenic overlap between CRP and 

cognitive impairment. Notably, the fold enrichment plot for CRP is monotonic increasing 

and support fold enrichment of 100% – 800% for increasingly stringent p value thresholds 

for the SNPs associated with cognitive impairment (CI); this relationship is observed for all 

p value thresholds for the CRP association; these associations are largely driven by the high 

level of enrichment of SNPs in the APOE-TOMM40 region of chromosome 19. For LDL 

and TC, selection of SNPs with the highest threshold for association (-log10(P HDL) ≥ 3.0) 

showed fold enrichment of approximately 80% –800% for LDL and approximately 

80%-600% for TC for increasingly stringent p value thresholds associated with CI. As with 

CRP, the high level of enrichment of SNPs in the APOE-TOMM40 region of chromosome 

19 was the primary region driving the enrichment. HDL did not demonstrate fold enrichment 

above a level of 2.0% and therefore the hypothesis of polygenic overlap between CI and 

HDL is not supported by the data.

3.4. Specific variants and genes identified by conditional false discovery rate analysis

Table 2 shows the FDR analysis to identify SNPs associated with cognitive impairment 

conditional on association for each secondary phenotype with a conditional FDR (q) ≤ 0.05. 

The locus on chromosome 19 that contains the APOE, TOMM40, APOC1, and PVRL2 
genes is shown to have a strong, statistically-significant association of cognitive impairment 

conditional with either CRP, LDL or TC. The odds ratios for the association of the SNPs in 

these loci with cognitive impairment ranged from 1.4 to 1.9, consistent with a moderate 

effect size for the APOE ε4 allele. Relative numbers of significant SNPs in each of the 

genes: APOE, TOMM40, APOC1 and PVRL2 differed by the secondary phenotypes. Two 

additional loci showed modest, statistically-significant associations of cognitive impairment 

conditional on a secondary phenotype: conditional with CRP, a locus on chromosome 7 

(near gene AC009500.2) (p=0.01) and conditional with LDL, a locus on chromosome 13 

(near gene SPERT) (p=0.05). The same direction of allelic effects was observed for all SNPs 

associated with cognitive impairment conditional on association with CRP, LDL or TC.

Lutz et al. Page 8

Neurobiol Aging. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Discussion

This study showed that genetic variants associated with cognitive impairment are also 

associated with CRP and plasma lipids (LDL, and TC) in a large study of older adults. The 

fold enrichment and conditional q-q plots show similarity to previously published results for 

conditional association with AD as a function of stringency for levels of significance of 

association with CRP or plasma lipids(Desikan et al., 2015); with the results for CRP being 

the most consistent and replicative in terms of congruency of the fold enrichment curves. 

Enrichment was observed for the plasma lipids LDL and TC but not for HDL. A locus on 

chromosome 19 that contains the APOE, TOMM40, APOC1, PVRL2 genes show a 

statistically-significant conditional association with cognitive impairment for three 

secondary phenotypes, CRP, LDL and TC. SNPs in this locus were found to show a strong, 

genome-wide significant association in the GWA for cognitive impairment, however, the 

strength of this association was greatly amplified when the conditional analysis was 

performed. While this locus shows a strong effect in the conditional analysis where all of the 

phenotypes were measured in the same individuals, larger cohorts and/or meta analyses of 

GWAS data have the potential to identify additional loci with common variants that 

demonstrate pleiotropic genetic effects on cognitive impairment, systemic inflammation and 

plasma lipids.

Considering that the HRS cohort is a large, nationally representative longitudinal panel study 

of aging, the fact that few genome-wide significant results are identified for the individual 

GWA is not surprising; as a comparator, a GWAS meta-analysis of general cognitive 

function report from the COGENT consortium identified two genome-wide significant 

SNPs(Trampush et al., 2017). For the present study, the odds-ratios reported for the 

nominally-significant loci are consistent with the low effect size common SNPs, while the 

odds-ratio reported for the chromosome 19 SNPs are consistent with those reported for the 

association between APOE and cognitive impairment (OR=1.68, 95% CI:1.03–2.75)

(Jefferson et al., 2015). The current study utilized stringent selection criteria for SNPs based 

on the imputed genotypes. High stringency was used to maximize the likelihood that the 

results will replicate. The borderline significance of the association of the APOE coding 

SNP, rs429358 with CRP merits discussion. Prior large studies have shown that plasma CRP 

levels are influenced by the common genetic polymorphisms within the APOE gene, 

specifically, that the APOE ε4 allele is associated with low levels of plasma CRP(Hubacek 

et al., 2010). The MAF for this SNP in our study was also consistent with the frequency 

reported for the 1000 Genomes Phase 3 combined population, an important result 

considering the moderate effect size of this variant on many diseases of aging including AD. 

The finding of genome-wide significant SNPs in the genomic region on chromosome 16 

overlapping and near the CETP gene that are identified for the HDL phenotype is consistent 

with the biological function of this gene. The CETP gene encodes cholesteryl ester transfer 

protein. This protein is found in plasma, where it is involved in the transfer of cholesteryl 

ester from high density lipoprotein (HDL) to other lipoproteins.

There are several aspects of our findings that are important in consideration of the role of 

inflammation with the development of cognitive impairment. First, the strong conditional 

associations between cognitive impairment and the biomarkers are observed only for CRP, 
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LDL and TC but not HDL. This finding points to the involvement of inflammation-related 

biological processes that are tagged by these biomarkers with the development of cognitive 

impairment. Although APOE is clearly a genetic factor which is common to cognitive 

impairment(Jefferson et al., 2015; Qian et al., 2017; Welsh-Bohmer et al., 2009), 

LDL(Radwan et al., 2014) and CRP(Kahri et al., 2006), it is interesting to note that 

numerous (8) SNPs are observed in the TOMM40 gene for the CRP conditional association, 

but not for LDL. Only two TOMM40 SNPs are identified in the conditional association of 

cognitive impairment with TC. Recent literature has suggested that haplotypes of APOE-
TOMM40 have complex effects of multiple late-onset disease related phenotypes(Bekris et 

al., 2010; Bekris et al., 2012; Chiba-Falek et al., 2018; Gottschalk et al., 2014; Li et al., 

2013; Linnertz et al., 2014). Interestingly, in another study of the HRS, TOMM40 effects 

independent of APOE were identified for aging-related verbal memory(Arpawong et al., 

2017). The finding that the CRP phenotype alone has the most number of associated 

TOMM40 SNPs warrants further investigation to understand whether there is a biological 

basis rooted in metabolic or mitochondrial dysfunction for the genetic association.

The locus on chromosome 19 that contains the CTB-129P6.4 that is statistically-significant 

for the cognitive impairment association conditional with TC is located close to the 

TOMM40 and PVRL2 genes and therefore the association is likely a consequence of linkage 

disequilibrium. The locus on chromosome 7 containing AC009500.2 constitutes a 

pseudogene of unknown biological function, however, the conditional FDR for this locus 

(q=0.013) is several orders of magnitude greater than observed for the chromosome 19 loci 

containing APOE. The locus on chromosome 13 containing the SPERT (spermatid 

associated) has unclear biological relevance to the phenotypes and has a conditional FDR 

(q=0.047) that is narrowly significant at the q=0.05 level.

The availability of cognitive and CRP/plasma lipid biomarker data for the sample allowed 

the genetic pleiotropy analysis to be performed within the same set of individuals. Although 

genetic pleiotropy analysis can be performed on GWAS summary-level statistics (beta 

coefficients and p values) the present study utilized independent GWA for cognitive 

impairment, CRP and the plasma lipids. As noted in Desikan et al., the conditional FDR 

framework can detect genetic pleiotropy independent of directionality and that both 

phenotypes are utilized to identify genetic association that may not be detected with a single 

phenotype GWA (Desikan et al., 2015). The results of this study set the stage to examine 

how genetic variation in genes and pathways involved in inflammation as measured by CRP 

and plasma lipid metabolism may identify individuals at risk to develop cognitive 

impairment, mild cognitive impairment and AD later in life.

This study has several limitations. The conditional FDR framework controls for the 

likelihood of false positive results and is based on the number of statistical tests; however, 

replication in additional cohorts of the conditional associations would strengthen statistical 

support. Future planned work will replicate the analysis in other cohorts; specifically the 

Women’s Health Initiative Memory Study (WHIMS) which has both the cognitive 

phenotype and the biomarker measurements available. The cognitive phenotype considered 

in the study is comparable to other studies of cognitive impairment but cannot be applied to 

a specific differential diagnosis for dementia. Further work will assess genetic pleiotropy 
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using alternative measures of cognitive impairment and cognitive decline based on the HRS 

and other studies.

The overall approach used in this study has the potential to provide biologically-relevant 

information about the relationship of inflammation and lipid metabolism with the 

development of cognitive impairment during the process of aging. Inflammation and lipid 

metabolism are potentially modifiable risk factors that can be controlled through lifestyle 

interventions and/or medications and therefore have the potential to delay the onset of 

cognitive impairment.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We examined pleiotropic genetic effects on cognitive impairment (CI) with 

HRS data.

• We tested for SNP enrichment for CI conditional with plasma CRP and lipid 

levels.

• SNP enrichment was observed for CI conditioned on CRP levels, LDL levels 

and total cholesterol levels.

• Significant associations between cognitive impairment, conditional with 

either CRP, LDL or TC were found for the locus on chromosome 19 that 

contains the APOE, TOMM40, APOC1, PVRL2 genes.

• Variants and proximal genes identified are involved in multiple pathological 

processes including cholesterol metabolism, inflammation and mitochondrial 

transport.
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Fig 1. Histograms of the plasma CRP and lipid biomarkers.
Ordinate shows the proportion of values represented by the histogram bars for CRP (Fig 

1A), LDL (Fig 1B), HDL (Fig 1C),TC (Fig 1D and CI(1E)).
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Fig 2. Fold-enrichment plots.
Ordinate is fold-enrichment, abscissa is nominal −log10(p) for cognitive impairment below 

the standard genome-wide association study threshold of P < 1 × 10−9 as a function of 

significance of association with CRP (Fig 2A), LDL (Fig 2B), HDL (Fig 2C) and TC (Fig 

2D). Curves are differentiated by the threshold for level of statistical significance in the 

secondary phenotype (CRP and plasma lipids).
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Fig 3. Conditional Manhattan plots of the conditional −log10 (FDR) values for cognitive 
impairment given CRP (Fig 3A), LDL (Fig 3B), HDL (Fig 3C) and TC (Fig 3D).
Conditional Manhattan plots show the FDR q value for cognitive impairment conditional on 

each of the four secondary phenotypes: CRP (Fig 3A), LDL (Fig 3B), HDL (Fig 3C) and TC 

(Fig 3D). Genome-wide significant line (red) is drawn at −log10(5 × 10−8), suggestive line 

(blue) is drawn at −log10(1 × 10−5).
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