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Abstract

Abnormal cholesterol metabolism is an established feature of Alzheimer’s disease (AD).
Cerebrospinal fluid (CSF) is the fluid surrounding the central nervous system, and the protein and
lipid content alterations in the CSF could be biomarkers for degenerative changes in the brain. The
laboratory diagnosis of AD is limited to the analysis of three biomarkers in CSF: Ay, total tau,
and phospho-tau. The purpose of this analysis is to systematically analyze the available data
describing the biomarkers of cholesterol and its metabolites in the CSF of subjects with AD.
MEDLINE, EMBASE, and the Cochrane Central database were systematically queried to collect
studies that have evaluated the markers of cholesterol and its metabolites in the CSF of subjects
with mild cognitive impairment (MCI) or AD and age-matched controls. Analysis of the published
data shows that the levels of cholesterol are increased in MCI subjects; 24-hydroxycholesterol and
27-hydroxycholesterol are elevated in AD and MCI subjects compared to controls. There is a
significant dysfunction of cholesterol metabolism in the CSF of AD subjects. This analysis
indicates that in addition to the available biomarkers in the CSF, such as APg4», total tau, and
phospho-tau, 24-hydroxycholesterol, 27-hydroxycholesterol, and cholesterol appear to be sensitive
biomarkers for the evaluation of MCI and AD.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative disorder resulting in
cognitive impairment. A diagnosis of AD is made according to the clinical symptoms of the
patients; laboratory diagnosis is limited to the analysis of three biomarkers in the
cerebrospinal fluid (CSF): amyloid-p42 (AP4>), total tau, and phospho-tau [1]. CSF AB42
shows the best diagnostic accuracy among the CSF biomarkers at a sensitivity of 85%, and
the specificity in the differentiation of AD dementia ranged from 42% to 77% [2].

The human brain contains approximately 25% of the total body cholesterol, which is
involved in neuronal structure and function and is an essential component of the neuronal
membranes required for membrane lipid organization, regulating the fluidity of membranes
and the structural disposition of membrane proteins. Cholesterol metabolism plays a key role
in amyloidogenesis in the brain [3]. Experimental /n7 vivo and in vitro studies suggest that
excess cholesterol in the brain increases amyloid production [4, 5] via tau phosphorylation,
aggregation, and deposition [6]. Aberrant cholesterol metabolism has been implicated in the
development of AD as one of the main drivers of AD mechanisms [4].

The blood-brain barrier prevents direct cholesterol uptake from the circulation; de novo
cholesterol synthesis is responsible for almost all cholesterol present in the brain. Therefore,
the cholesterol levels in the peripheral blood are regulated differently than the cholesterol
levels in the central nervous system and the CSF. In the brain, 24-hydroxycholesterol
(240HC) is the end product of cholesterol elimination by the neurons; its levels in plasma
are proportional to the degree of brain atrophy and the loss of active grey matter, and the
levels of CSF 240HC are related to the amount of AB, tau, and phospho-tau in AD subjects
[7]. The correlation between CSF and plasma 27-hydroxycholesterol (27-OHC) is
hypothesized to be related to hypercholesterolemia and AD [7].

In this analysis, we summarize the studies of cholesterol and its metabolites 24-OHC and
27-OHC in the CSF of mild cognitive impairment (MCI) and AD patients. Our findings
provide an overview of lipid biomarkers in AD, which may be used for risk assessment,
diagnosis, and the determination of therapeutic implications.

METHODS

The data search was completed on 1 December 2014. Studies were identified from
systematic the searching of MEDLINE, EMBASE, and the Cochrane Central database. The
search strategy used Mesh phrases and words such as “Alzheimer’s disease, cholesterol,
hydroxycholesterols, 24-hydroxycholesterol, 27-hydroxycholesterol, oxysterols, and
cerebrospinal fluid,” as well as a review of the reference lists of included articles and
previous systematic reviews for additional relevant citations.
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Studies on human subjects were considered for inclusion (studies including case and control
subjects; CSF collected by lumbar puncture; data expressed as the mean and SD), and a
quality assessment of the included studies was conducted using the Newcastle-Ottawa scale
(Table 1). Of the 284 originally identified abstracts, 61 met the initial inclusion criteria.
Following a thorough examination, we excluded 43 of the 61 studies (without original data
in papers, n=7; without AD patients in papers, 7= 8; postmortem CSF and brain samples, n
= 2; without cholesterol data, 24-OHC data or 27-OHC data in AD and control subjects, 7=
14; non-research papers, /7= 10; same title and author, 7= 2); the remaining 18 studies were
included in this analysis (Fig. 1). Important details regarding the subjects, methods and
measurements were extracted from the selected articles and summarized (Table 2).

Data were extracted and compiled as summary statistics (N, mean, and SD) and then pooled
using an inverse-variance method. Heterogeneity between the studies was assessed using
Cochran’s Chi-squared test for homogeneity (Chi2), and the amount of variation due to
heterogeneity was estimated by calculating the 12. As heterogeneity was invariably high,
random-effects meta-analyses were performed on the estimates to generate summary values
(Review Manager Version 5.2, The Nordic Cochrane Centre, Copenhagen, Denmark). The
results were presented as forest plots and determined to be significant when p < 0.05.

Study characteristics and heterogeneity

Tables 1 and 2 summarize the 18 studies included in this analysis [8-25]. All studies were
judged to be of good quality using the Newcastle-Ottawa scale (Table 1). All studies
examined the concentration of cholesterol and its metabolites with gas chromatography
or/and mass-based methods. The diagnosis of AD was made according to the DSM IV
(Diagnostic and Statistical Manual of Mental Disorders), and/or the criteria of the NINCDS-
ADRDA (National Institute of Neurological and Communicative Disorders and Stroke and
Alzheimer Disease and Related Disorders Association). The diagnosis of MCI was
conducted according to the reference [8, 15, 18, 24, 25]. Heterogeneity between the studies
was assessed (AD versus controls: Fig. 2, cholesterol, Chi2 = 228.13, 12 = 93%; Fig. 3, 24-
OHC, Chi? = 245.20, I2 = 96%; Fig. 4, 27-OHC, Chi? = 183.79, 12 = 97%; and MCI versus
controls: Fig. 5, cholesterol, Chi? = 18.2, 12 = 83%; Fig. 6, 24-OHC, Chi2 = 67.78, 12 = 94%;
Fig. 7, 27-OHC, Chi? = 104.55, 12 = 98%). As heterogeneity was invariably high, random-
effects meta-analyses were performed in this study.

Cholesterol and its metabolites in the CSF of AD and control subjects

Sixteen studies reporting cholesterol levels were included in this meta-analysis, including
959 subjects with AD and 694 controls; cholesterol levels were not different between the
AD subjects and controls [8-22, 25], with an effect size of —0.23 (95% CI -0.65, 0.19, p=
0.29, Fig. 2), omitting one similar study by Wollmer [16], where the overall effect size had
no significant influence (95% CI -0.65, 0.25, p = 0.38, Supplement Figure 1).

24-OHC in AD subjects has been described in twelve studies including 713 AD subjects and
581 controls [8, 11, 12, 14, 15, 18-21, 23-25]. Cumulatively, 24-OHC was significantly
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increased in the CSF of AD subjects compared to that of controls, with an effect size of 1.26
(95% C1 0.65, 1.86, p< 0.05, Fig. 3); nine of twelve studies had effect sizes that were
positive [8, 15, 18-21, 23-25], ranging from 0.24 to 7.11, and the other three studies had
effect sizes ranging from —0.03 to -0.36 [11, 12, 14].

Six studies describing 27-OHC in the CSF of subjects (including 269 AD cases and 294
controls) [15, 18, 20, 21, 23, 24] were conducted, and the data suggested that there was a
significant increase in 27-OHC in the CSF of AD subjects (effect size 1.95, 95% CI1 0.7,
3.20, p<0.05, Fig. 4) compared to controls; four of six studies had a positive effect size
ranging from 1.05 to 6.51 [15, 18, 23, 24], and the other two studies had an effect size
ranging from —0.12 to —-0.28 [20, 21].

Cholesterol and its metabolites in the CSF in MCI and control subjects

Compared with controls, four studies indicated that cholesterol levels were elevated in MCI
subjects [8, 15, 18, 25], and the overall effect size was 0.92 (95% CI 0.04, 1.80, p< 0.05,
Fig. 5, including 64 subjects with MCI and 106 controls). Five studies including 84 MCI
subjects and 141 controls tested for 24-OHC in the CSF [8, 15, 18, 24, 25]; the results of the
above studies indicated that there was a significant increase in 24-OHC in MCI subjects
compared to controls, with an effect size of 1.07 (95% CI 0.58, 1.55, p< 0.05, Fig. 6). Three
studies including 50 MCI subjects and 106 controls and showed increased levels of 27-OHC
in MCI subjects [15, 18, 24] compared to controls, with an overall effect size of 0.87 (95%
Cl10.30, 1.44, p< 0.05, Fig. 7). All of above studies had a positive effect size (cholesterol:
0.08 to 2.07, 24-OHC: 0.14 to 1.76, 27-OHC: 0.09 to 1.32), indicating that MCI cases had
higher cholesterol, 24-OHC, and 27-OHC concentrations in their CSF compared to controls.

DISCUSSION

The brain is the most cholesterol-rich organ in the human body. Cholesterol is an essential
component of the neuronal membranes required for membrane lipid organization and also
participates in signal transduction, neurotransmitter release, synaptogenesis, and membrane
trafficking [26, 27]. It has been shown that a small amount of cholesterol from the periphery
can enter the brain through the blood-brain barrier [28] and could play a role in
hypercholesterolemia and the CSF levels of 24-OHC and 27-OHC. Refolo et al. also find
that diet-induced hypercholesterolemia significantly increase beta-amyloid load in the
central nervous system in a transgenic mouse model [28]. In our previous study, we find that
abnormal cholesterol metabolism occurs during normal aging and in the process of aging in
an AD mouse model [29, 30]. There is evidence of dysfunction of the cholesterol
metabolism in AD patients, and Wolozin et al. find that therapy with statins is beneficial for
reducing the prevalence of probable AD [31], however, the exact mechanism and effect of
statins to AD remains to be explored [32, 33]. Puglielli et al. report that disordered lipid
metabolism is one of the main mechanisms of AD; both the generation and clearance of Af
are regulated by cholesterol, and the variant of the apolipoprotein E gene is a major genetic
risk factor for AD, consistent with a role for cholesterol levels [4]. In this analysis,
cholesterol was elevated in MCI subjects. In Bennett’s study, over an average of 4.5 years of
follow-up, 34% persons with MCI develop AD at a rate 3.1 times higher than those without
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cognitive impairment [34]. An epidemiologic study by Kivipelto et al. examined 1,409
patients over 20 years and find that peripheral hypercholesterolemia (among other risk
factors such as hypertension) in middle age is a risk factor for the development of AD [35].
In another study conducted over a 30-year period, mid-life serum total cholesterol level is
associated with an increased risk for AD [36]. Pappolla et al. review autopsy cases of
patients and find that cholesterolemia is correlated with the presence of amyloid deposition
in the youngest subjects (40 to 55 years) with early amyloid deposition [37]. In this analysis,
cholesterol was altered in MCI subjects but was normal in AD subjects, suggest that
cholesterol may play a role in preclinical AD, and we can use cholesterol metabolism in
combination with the other three biomarkers to obtain a more accurate diagnosis and/or
stratify patients according to their cholesterol status.

Interestingly, the changes in cholesterol levels occurred in the CSF of MCI subjects and not
in AD subjects compared to controls. In four studies [8, 15, 18, 25], cholesterol levels were
significantly elevated in MCI subjects compared to controls, and in the above studies,
cholesterol levels were also tested, and it was found that the metabolites were all elevated in
AD subjects compared to controls. Thus, we speculate that this difference in CSF cholesterol
is associated with a sub-group of AD subjects with dysregulated lipid metabolism.

In this analysis, compared with the controls, convincing evidence of both the concentrations
of 24-OHC and 27-OHC in CSF were increased in AD. 24-OHC has been found to regulate
the amyloid precursor protein via the production of the amyloidogenic fragment [6]; 27-
OHC is able to pass through the blood-brain barrier in the CSF and may thus contribute to
amyloid deposition, linking hypercholesterolemia and AD pathogenesis [38]. Higher levels
of the metabolites 24-OHC and 27-OHC in the CSF suggest an increase in cerebral
cholesterol load, which, along with senile plaques and neurofibrillary tangles deposits, is a
common feature of AD brains in postmortem examinations [39]. Certain polymorphisms in
the gene that encodes for 24-OHC (the enzyme that metabolizes cholesterol into 24-OHC)
have been associated with a higher risk of dementia and AD [40, 41]. Several reviews and
studies have concluded that 24-OHC and 27-OHC may be appropriate biomarkers, followed
by AB4», total tau, and phospho-tau, for AD screening [20, 25, 42, 43], and our analysis
supports such a conclusion.

A previous systematic review concludes that 24-OHC in the blood may be an important
potential biomarker for cholesterol metabolism in the brain and risk of AD [42], and we
come to a similar conclusion regarding 24-OHC in the CSF. In another systematic review,
there is association between high mid-life total serum cholesterol and an increased risk of
AD; however, there is no evidence supporting an association with late-life total serum
cholesterol [44]. The above result regarding the cholesterol levels in the serum is consistent
with the levels of cholesterol in the CSF in our analysis.

In the context of this data, previous studies and reviews, we propose a mechanism in which
cholesterol homeostasis is disturbed in preclinical AD, whereas metabolite dysregulation
occurs throughout the disease process; cholesterol and its metabolite changes might serve as
additional biomarkers for the diagnosis and screening of AD. However, most importantly,
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they might help to identify a sub-group of AD patients with lipid metabolism dysregulation
who might have different clinical presentations and clinical courses.
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