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Abstract

Cholesterol is implicated in the development of late onset Alzheimer’s disease (AD). We sought to
determine the associations between beta amyloid (AB) plaque deposition in vivo using the
Pittsburgh Compound B (PiB) and several indices of cholesterol homeostasis (i.e., total
cholesterol, HDLc, LDL.c, triglycerides, ApoE, clusterin, oxysterol metabolites of cholesterol and
previously reported genes associated with late-onset AD) in 175 non-demented elderly subjects.
High AP deposition was significantly associated with having a lower mini-mental state exams
score (<27, p=0.04), high systolic blood pressure (p=0.04), APOE*4 (p<0.01), lower plasma ApoE
levels (p=0.02) and variation in the ABCA7 gene (p=0.02) and EPHA1 genes (p=0.02). Cholesterol
measures were not related to Af deposition in this cohort of non-demented elderly adults.
However, plasma and genetic factors relating to cholesterol transport were associated with Ap
deposition in the brain. The better understanding of cholesterol transport mechanisms may lead to
the design of potential targets for the prevention of Af deposition in the brain.
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1. Background

Considerable resources and time are being invested in understanding the pathophysiology of
late-onset form of Alzheimer’s disease (AD). Cholesterol levels and factors related to its
homeostasis have been implicated in the development of AD in observational and genetic
studies; however, the mechanisms underlying the relationship between cholesterol and AD
pathology are not well understood?. Intervention trials to lower blood low-density
lipoprotein cholesterol (LDLc) by statins have shown little effect on treatment and
prevention of dementiaZ:3. This may be because cholesterol homeostasis and metabolism are
separated in the periphery and brain due to the blood brain barrier (BBB). Oxysterol
metabolites of cholesterol, 24S-hydroxycholesterol (240HC) and 27-hydroxycholesterol
(270HC) are important exceptions to this rule, as they cross the BBB directly by diffusion
and are involved in regulating cholesterol synthesis via Liver X receptors?.

Factors related to cholesterol homeostasis have shown promise in genetic and observational
studies. The E4 allele in apolipoprotein E (APOE*4) remains the strongest risk factor for
AD, accounting for 20-30% of the genetic risk. Additionally, recent genome-wide
association studies (GWAS) studies have identified several new single nucleotide
polymorphisms (SNPs) associated with AD>-8; of particular interest, were associations
between AD and several SNPs within genes related to cholesterol homeostasis, including:
CLU (a.k.a.clusterin or ApoJ), ABCAL and ABCA?Y.

Several blood biomarkers related to cholesterol homeostasis have also been associated with
AD?. Circulating levels of apolipoproteins (ApoE and clusterin) have been associated with
AB deposition and severity of AD0: 11 as well as progression of AD and MCI1213,
Additionally, oxysterol metabolites of cholesterol, including 24S-hydroxycholesterol
(240HC) may indicate the presence of neurodegenerationl4; are associated with AD1%: 16,
vascular dementia (VaD)1’ and mild cognitive impairment (MC1)16.17; and are correlated
with brain volume in cognitively normal adults!8. Recently, our group observed that plasma
oxysterols concentrations were higher among cognitively normal individuals who went on to
develop cognitive impairment (AD & MCI) over 8 years of follow-up?®.

The use of amyloid-specific radiolabeled ligands (e.g. Pittsburgh compound B (PiB-PET))
have opened new avenues of inquiry in both AD and aging through the direct visualization
and quantification of fibrillar Ap plaques in the brain in vivo. This technique has allowed the
study of risk factors and determinants of Ap deposition in the brain of older adults. The aim
of this study was to evaluate several indices of cholesterol homeostasis including genetic
and blood biomarkers and their relationship with neuroimaging of AP deposition in non-
demented elderly adults.

2.0 Methods

2.1 Participants

The Ginkgo Evaluation of Memory (GEM, 2000-2008) Study was a multi-site, placebo-
controlled, double-blind, randomized clinical trial of daily use of Ginkgo biloba in 3069
community-dwelling participants 72-96 years old2C. In 2009, approximately 10 (+3) months
following the GEM study closeout, n=194 participants from the Pittsburgh site underwent
MR imaging and AB PET scans as part of the GEM Neuroimaging Sub-Study. The design of
the Neuroimaging Sub-Study and comparisons to the total Pittsburgh site (n=671) were
detailed by Mathis et al.2L.
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2.2 Final GEM Study Visit

All GEM Study participants who returned to the clinics for their final evaluation between
October 2007 and March 31, 2008 had a final clinic visit that included: resting blood
pressure, blood draw and inventory of the participant’s prescription and over-the counter
medications. Statin use was assessed at each GEM Study visit20, For the purpose of this
study, participants were categorized as (ever versus never) statin users during the GEM
Study (2000-2008) and a separate variable was created to assess current statin use at the
final GEM study visit.

2.3 PET Imaging of Brain AB Deposition

Details of PiB-PET data acquisition have been described previously?l: 22, We used the
iterative mild outlier cutoff method (SUVR was >1.57)%3 to determine AP positivity and
compared these results to those obtained using the sparse k-means approach?4 and found
them to be nearly identical. Results from the iterative outlier method are presented herein.

2.4 GEM Neuroimaging Sub-Study Visit Assessments

At the time of neuroimaging in 2009, Sub-Study participants underwent a shortened visit
which included an abbreviated neuropsychological (NP) battery a global measure of
cognition (Mini-Mental State Examination (MMSE)2®, and tests of memory, visuospatial
and visuoconstructional, language and executive functions. In addition, we obtained a 10-
question CES-D for depression, timed walk, and inventory of the participant’s prescription
and over-the counter medications.

2.5 Cognitive Status

Cognitive Adjudication Committee was blinded to neuroimaging results by the Cognitive
Diagnostic Center and took into account historical serial cognitive assessments from the
parent GEM Study2® in addition to the Neuroimaging Sub-Study. Criteria for mild cognitive
impairment (MCI) included 1 - 3 tests impaired at below 1.5 standard deviations below age
and education adjusted means, according to the Winblad criteria?’.

2.6 Assay of Genetic Markers

SNP genotyping assays were done using the TagMan procedure using the ABI Prism
7900HT Sequence Detection System (Applied Biosystems). PCR amplification was done
using a PTC-200 MJThermal Cycler (Biorad) or a GeneAmp 9700 (Applied Biosystems),
and the endpoint fluorescence reading was done on an ABI Prism 7900HT instrument.
Genetic markers included: ABCAL (rs2230806), ABCAY7 (rs3752246), ARID5B (rs2588969),
BIN1 (rs7561528), CD33 (rs3865444), CD2AP (rs9349407), CLU (rs1532278), CR1
(rs6701713), EPHA1 (rs11767557), haptoglobin genotype, MSAA4A (rs4938933), and
PICALM (rs561655).

2.7 Assay of Apolipoproteins

Frozen plasma samples were thawed for the assay of apolipoproteins E and J (clusterin).
Apolipoprotein E was analyzed using an immunoturbidimetric procedure developed by
Kamiya Biomedical Company (Seattle, WA). Diluted serum was incubated with anti-
human-apolipoprotein E antibody and the resulting turbidity measured at 340 nm and 700
nm. Blanks, calibrators and control pools were run with each set of samples. The inter-assay
and intra-assay coefficients of variation were 2.6% and 2.2%, respectively. Clusterin was
measured using a competitive ELISA procedure developed by ALPCO Diagnostics (Salem,
NH). Briefly, diluted serum samples were incubated for 1 hour at 37°C in microtiter plates
coated with recombinant human clusterin in the presence of polyclonal antibodies to
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clusterin. The plates were washed x3 and HRP conjugated anti-rabbit 1gG added and
incubated for 1 hour at 37°C and then washed x5. Substrate solution was added and the
plates incubated for 20 min at room temperature under subdued lighting. Stop solution was
added to each well and the absorbance at 450 nm read within 30 minutes. Blanks, control
pools and standards (0.001 to 2.5 pg/mL) were run with each set of samples. The intra- and
inter-assay coefficients of variation were 9.8% and 11.4% respectively.

2.8 Assay of Oxysterols and Cholesterol

The details of the oxysterol assays used in this study were published previously1?. Single
tubes were thawed and used specifically for cholesterol and oxysterol assays. The
antioxidant butylated hydroxytoluene (BHT) was added immediately after thawing the
sample. Oxysterols (24-hydroxycholesterol and 27-hydroxycholesterol) were analyzed by
isotope dilution using gas chromatography/mass spectroscopy (GC/MS) using well known
and reproducible methods28. Reproducibility and reliability of oxysterol measures were
determined using a random selection of 14 samples with measures repeated one month apart.

Total cholesterol, HDLc, and triglyceride concentrations were determined at the same time
as oxysterols from the same stored plasma samples from 2008 by conventional enzymatic
methods from fasting (12-hour) blood samples. LDLc levels were estimated by the
Friedewald equation2®. All oxysterol, apolipoprotein and lipid analyses were conducted at
the Heinz Nutrition Laboratory in the Department of Epidemiology, University of
Pittsburgh.

2.9 Statistical Analysis

The allelic frequency for each SNP was evaluated for Hardy-Weinberg Equilibrium (HWE),
using chi-square tests. We examined the associations between AD-related SNPs and Ap-
status using exact chi-square tests. Individual p-values and odds ratios were calculated for
each genotype using logistic regression holding the most common genotype as referent.

The distribution of each plasma biomarker was assessed using histograms. Markers with
skewed distributions (e.g. plasma ApoE levels) were log transformed (jogApOE).
Correlations between continuous measures for biomarkers and A deposition were assessed
using Pearson correlation coefficients. Differences in plasma biomarker levels by AB-status
were assessed: first, in unadjusted models, using t-test statistics; and second, as standardized
correlation coefficients for the odds of being AB-positive derived from logistic regression
models adjusted for age, gender and statins use. Thresholds and linearity of the relationships
between AP status and plasma biomarkers were assessed by re-running logistic models after
dividing biomarkers into quartiles of their individual distributions. Potential effect
modification by statin use, cognitive status and gender was assessed using interaction terms
between the individual biomarkers and potential effect modifiers. Models with potential
interaction terms (defined as p<0.15) were then stratified.

This analysis has a large sample size for a PiB-PET study; however, it lacks the sufficient
power to test multiple hypotheses and correct for multiple statistical comparisons. The study
was intended to explore the associations between plasma lipids, genetics and amyloid
deposition in the brain. Instead of relying on p-values that are intended for hypothesis
testing, we present confidence intervals around mean difference.

3.0 Results

Of the 194 participants in the GEM Neuroimaging Sub-Study, 178 had plasma samples
available at study close. More than half (55%, n=97) of this cohort of non-demented very
elderly adults were ApB-positive for amyloid deposition in the brain.Ap-positivity was
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associated with high systolic BP, low global cognitive scores (mini-mental state exam <27),
but not associated with having MCI (Table 1) as presented previously?L. Approximately half
(n=84) of all the participants in this sample took statins at during the GEM Study.

3.1 Lipids, lipoproteins and brain AB deposition

The mean concentrations of plasma biomarkers were not significantly different by Aj-
imaging status in the total group (Supplemental Table). However, being in the highest
quartile of plasma ApoE levels resulted in a significantly lower odds of being AB-positive
[OR(95%CI) = 0.47(0.23-0.96), p=0.03] after adjustment for age, gender and statin use.
Individual levels of lipid biomarkers including cholesterol, clusterin and oxysterols were not
associated with AB-status (data not shown).

Statin use showed potential interactions with the ratio of 240HC/Cholesterol
(Pinteraction=0.05), the ratio 270HC/Chol (pinteraction=0-07) and plasma ApoE levels
(Pinteraction=0-09). In models stratified by statin use, the mean ratio 240HC/Cholesterol
(p=0.03) was significantly higher in AB-positive individuals relative to Ap-negative
individuals, among statin users. Differences in this ratio were likely a result of higher levels
of 240HC (figure 1) as cholesterol levels did not differ between the treatment groups. In
models stratified by cognitive status (Table 2), Ap-positive individuals with MCI only had
significantly higher ratio of 240HC/270HC (p=0.04) and a slightly, yet not significantly
higher ratio of 240HC/Cholesterol (p=0.07).

3.2 Linear relationships between lipid biomarkers and brain A deposition

The total amount of AB deposition in the brain was neither correlated with continuous
measures of ,gAPOE, nor with plasma lipids in the total group (all p>0.05). Among MCI
participants, AB deposition was correlated with the ratio for 240HC/270HC (rho=0.38,
p=0.01). The were no correlations between plasma biomarkers and Ap deposition among
MCI participants for 240HC (rho=0.26, p=0.12) and 270HC (rho=-0.24, p=0.15);
Correlations were not significant for all plasma markers among cognitively normal
individuals (p>0.43). Plasma ApoE levels did not differ by APOE genotype (meantstd: E4
carriers = 3.4+1.1 and non-E4 carriers = 3.31£0.8, p=0.88).

3.3 AD associated SNPs and brain AB deposition

We obtained genetic data on 11 SNPs previously identified with late onset AD from n=186
(n=96%) individuals with PiB-PET: APOE, EPHA, ABCA7, ARIB5B, BIN1, CD33,
CD2AP, CLU, CR1, MS4A4A and PICALM. The CG genotype of ABCA7 (rs3752246) was
present in 22% (n=38) of individuals in this study and was associated with more than a two-
fold increase in the odds of being Ap-positive [OR(95%CI) = 2.24(1.30-4.89)] relative to the
CC genotype; however, no individuals with the GG genotype (total n=3) were AB-positive.
Having one or more copies of C allele of EPHA1 (rs11767557) was associated with
significantly lower odds of being AB-positive (Table 4). Having the APOE*4 allele was
associated with a significantly higher odds of being AB-positive [OR(95%CI) =
7.47(2.75-20.26)]. In this study, only two participants were homozygous for the APOE*4
allele and one was AB-positive (Table 4). ARIB5B, BIN1, CD33, CD2AP, CLU, CR1,
MSAA4A and PICALM were not associated with Ap-status in this study.

4.0 Discussion

AP deposition is detected frequently among cognitively normal elderly adults. More than
55% of this very elderly sample was AB-positive. Our findings showed that AB-status
differed little by demographic factors, but was significantly associated with blood
pressure,global measures of cognition, and genetic and blood markers of cholesterol
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transport. The highest levels of apolipoprotein E were associated with AB-status in this
cohort. The higher absolute levels of oxysterols and significantly higher ratios of 240HC
relative to (peripherally derived) 270HC and cholesterol were associated with Af deposition
among individuals with MCI and those taking statins; however, blood lipid levels were not
associated with AB-status in either group. Genetic markers of cholesterol transport (e.g.
ABCAY7 and APOE4), as well as variation in EPHAL were associated with AB-status;
however other genetic markers previously associated with AD in GWAS studies were not
associated with Ap-status.

4.1 Plasma markers and amyloid pathology

Associations between AB deposition and markers of cholesterol transport extended to blood
apolipoprotein levels. Plasma levels of apolipoproteins E and clusterin have previously
shown associations with AD. Plasma clusterin shows associations with prevalent AD and
severity of AD11; atrophy of the entorhinal cortex, baseline disease severity, and rapid
clinical progression in AD12, but not with incident ADL. Plasma clusterin is also associated
with longitudinal brain atrophy during mild cognitive impairment (MCI)13, However, higher
circulating levels of clusterin were not significantly associated with the odds of being AB-
positive in this study. In contrast, the highest quartile of plasma ApoE levels was
significantly associated with lower odds of being AB-positive, suggesting that higher levels
of blood ApoE may be protective for Ap deposition in the brain. Previous studies suggest
that plasma ApoE levels are correlated with APOE-410, In particular, ApoE levels were
significantly lower among €4 homozygous individuals®0. In this study, we had only two
homozygous individuals which limited our ability to directly confirm this relationship;
however, we did not find correlations between plasma ApoE levels and APOE*4 carrier
status, suggesting that factors other than genotype are important modulators of plasma ApoE
levels in the circulation. Blood cholesterol levels appear to have little relevance to brain Ap
deposition.

Plasma levels of 240HC have been associated with various neurodegenerative diseases!?,
including AD1% 16, \vaD17 and MCI as well as brain volume in cognitively normal adults!8.
Cross-sectional studies of plasma 240HC and AD are inconsistent; the direction of these
associations may be dependent on stage of disease when 240HC is measured 31, Recently,
our group observed that plasma oxysterols concentrations are higher in cognitively normal
individuals with evidence of cerebrovascular disease on MRI and also in individuals who
went on to develop AD and MCI over 8 years of follow-up?®. It is uncertain whether high
plasma 240HC levels is directly related to AD pathology, as part of normal physiological
process of compensation to CNS injury, is a reflection of the BBB disruption, or both. Until
now, the associations between 240HC and AD pathology have not been directly assessed.

Statin use and cognitive status appear to modify the several relationships between AB
deposition and markers of cholesterol homeostasis. In this group of no-demented elderly
adults, statin use modified associations between AP deposition in the brain and blood levels
of apolipoproteins, 240HC, and the ratios of oxysterols to cholesterol. Cognitive status
appears to be an important factor in the association between the brain-derived oxysterol,
240HC and AP deposition in the brain. Specifically, weak positive correlations with Ap
deposition were evident for 240HC and the ratio of 240HC/270HC among participants
with MCI, while weak negative correlations suggested for 270HC and ApoE levels. Yet,
these correlations with AB deposition were only significant for the ratio of 240HC/270HC
among participants with MCI. These results suggest that the levels of brain-derived
cholesterol metabolites may be altered relative to peripherally-derived oxysterol and
cholesterol levels in older adults with cognitive dysfunction and AD-like AP deposition.
Further, a higher ratio of 240HC/270HC among individuals with MCI may represent
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changes in cholesterol metabolism occurring early in the cognitive impairment process and
may be informative for individuals experiencing cognitive declines; however, it is uncertain
if all of these individuals with MCI will progress to AD.

4.2 Genetic markers and amyloid pathology

As previously reported, the APOE* 4 allele showed strong associations with A deposition in
the brain in this study®. We also examined several SNPs that were associated with
cholesterol homeostasis, including: ABCA1, ABCA7 and CLU. ABCAL and ABCA7 are
membrane-associated proteins, encoded by this gene, which are members of the superfamily
of ATP-binding cassette (ABC) transporters. With cholesterol as its substrate, these ATP-
associated proteins function as a cholesterol efflux pump in the cellular lipid removal
pathway. ABCAL is the cholesterol efflux regulatory protein (CERP) transporter primarily,
which acts a as a major regulator of cellular cholesterol and phospholipid homeostasis. We
found that genetic variations in ABCA7 and EPHAL were associated with AB deposition in
the brain. The associations between A deposition and ABCA7 were similar for MCI and
cognitively normal individuals; while those for EPHA1 were only apparent for among
cognitively normal individuals. The EPHAL gene belongs to the ephrin receptor subfamily
of the protein-tyrosine kinase family and encodes for the ephrin type-A receptor 1 protein
which has been implicated in mediating nervous system developmental events. Having one
or more copies of the minor C allele at SNP (rs11767557) on EPHAL was associated with a
significantly lowers odds of being AB-positive. This result was consistent with the findings
from two consortium GWAS studies that showed the minor C allele for this SNP
(rs11767557) to be protective for late onset AD’ and having the minor A allele in another
SNP (rs11771145) on EPHA1 was also associated with a lower odds of ADS.

Variation in CLU, the gene encoding for clusterin (apolipoprotein J) was not associated with
AP deposition in this group. Taken together these SNPs associated with A deposition may
be involved in cholesterol transport, clearance and repair following damage to the nervous
system. It is important to point out the genetic associations described here, except those for
the APOE*4 allele, should be interpreted with caution due to the relatively small number
cases assessed in this study.

5.0 Conclusions

A subset of plasma and genetic factors relating to cholesterol transport were associated with
Ap deposition in the brain of non-demented elderly adults. Concurrent lipid measures and
oxysterol cholesterol metabolites do not appear to be related to Af deposition in cognitively
normal individuals; however, the brain derived oxysterol, 240HC may be a relevant
biomarker for Ap deposition for older adults with MCI and those taking lipid lowering
medications. While late-life circulating blood cholesterol has little relevance to ongoing AD
pathology, genetic and blood markers of cholesterol transport are associated with Ap
deposition in the brain. This may be because the lifelong effects of elevated cholesterol are
governed by the genetic markers, and may not be reflected in cross-sectional studiesof late-
life cholesterol levels which may be more related to the health status of the individual.
Factors related to cholesterol transport in the brain may be potential targets for the
prevention of AP deposition and dementia, and may cast light on the nature of brain
responses to the neurodegenerative processes - responses that relate to endogenous
neuroprotection and what we currently describe as brain reserve; they may also explain
much of the highly variable course of cognitive decline.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Plasma 24-hydroxycholesterol levels and AB-status stratified by statin user in the GEM
Neuroimaging Sub-Study Participants (n=175). (Color figure not necessary; black and white
is acceptable.)
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GEM study sample characteristics for participants with biomarkers and Af deposition (n=175).

AP Deposition
AB-positive  AB-negative
(n=97) (n=78)
n % n % p-value

Age

<85 25  26% 24 31% 0.598

85-86 30 31% 23 29% 0.989

86-87 21 22% 15 19% 0.892

>87 21 22% 16  21% reference
Women

Men 54 56% 50 64% 0.259

Women 43 44% 28  36% reference
SBP (mmHg)

<120 14 14% 21 27% reference

120-140 49  51% 37 47% 0.093

>140 34 35% 20 26% 0.036
MMSE

<27 29  30% 14 18% 0.041

227 64 66% 60 77% reference

missing 4 4% 4 5% =
Diagnosis

Normal 71 73% 66 85% reference

MCI 26 27% 12 15% 0.090
Statins

No 49  51% 42 54% 0.694

Yes 48  49% 36  46% reference
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Correlations between plasma biomarkers and AB deposition by cognitive status.

mcl Normal
Rho p-value  Rho p-value
240HC 0.256 0.116 -0.066 0.432
270HC -0.237 0.146 -0.033 0.693
Ratio 24/27  0.388 0.015 -0.030 0.719
Cholesterol  -0.127  0.454  -0.017  0.846
ApoE -0.254 0.130 -0.069 0.426
Clusterin -0.079 0.640 -0.006 0.942
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Genes involved in cholesterol homeostasis with AB deposition.

Table 4

AP Deposition Unadjusted
Odds of being
AB-positive  AB-negative AB-positive
(n=99) (n=77) p-value
n % n % OR 95% CI
ABCA1
(rs2230806)
CC 58 59% 37 48% ref ref
CT 33 33% 33 43% 0.165 0.64 034 120
TT 8 8% 7 9% 0572 073 024 218
ABCA7
(rs3752246)
CC 70 71% 64 83% ref ref
CG 27 21% 11 14% 0.042 224 103 4.89
GG 0 0% 3 4% - - - -
EPHA1
(rs11767557)
cc 2 2% 5 6% 0.098 024 005 1.30
TC 24 24% 31 40% 0.023 047 024 0.90
TT 71 72% 43  56% ref ref
CLU
(rs1532278)
CC 49 49% 39 51% ref ref
CT 3 35% 28 36% 0988 1.00 052 191
TT 14 14% 14 18% 0.600 0.80 034 187
APOE
APO”EO*”A 66 67% 77  94% ref ref
APOE*4 32 33% 5 6% <0.001 747 275 20.26
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