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Abstract HDILlike particles in human cerebrospinal fluid
(CSF) promote the efflux of cholesterol from astrocytes to-
ward the neurons that rely on this supply for their functions.
We evaluated whether cell cholesterol efflux capacity of CSF
(CSF-CEC) is impaired in Alzheimer’s disease (AD) by ana-
lyzing AD (n = 37) patients, non-AD dementia (non-AD DEM;
n = 16) patients, and control subjects (n = 39). As expected,
AD patients showed reduced CSF Af3 142, increased total and
phosphorylated tau, and a higher frequency of the apoe4
genotype. ABCAl- and ABCGIl-mediated CSF-CEC was
markedly reduced in AD (—73% and —33%, respectively)
but not in non-AD DEM patients, in which a reduced passive
diffusion CEC (—40%) was observed. Non-AD DEM patients
displayed lower CSF apoE concentrations (—24%) compared
with controls, while apoA-I levels were similar among groups.
No differences in CSF-CEC were found by stratifying sub-
jects for apoe4 status. ABCG1 CSF-CEC positively corre-
lated with AR 142 (r = 0.305, P = 0.025), while ABCA1l
CSF-CEC inversely correlated with total and phosphorylated
tau (r=—0.348, P=0.018 and r= —0.294, P = 0.048, respec-
tively) i The CSF-CEC impairment and the correlation with
the neurobiochemical markers suggest a pathophysiological
link between CSF HDL-like particle dysfunction and neuro-
degeneration in AD.— Marchi, C., M. P. Adorni, P. Caffarra,
N. Ronda, M. Spallazzi, F. Barocco, D. Galimberti, F. Bernini,
and F. Zimetti. ABCA1- and ABCG1-mediated cholesterol ef-
flux capacity of cerebrospinal fluid is impaired in Alzheim-
er’s disease. J. Lipid Res. 2019. 60: 1449-1456.
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Dysregulation of cholesterol homeostasis in the CNS has
been associated with various neurodegenerative disorders,
including Parkinson’s, Huntington’s, and Alzheimer’s dis-
ease (AD) (1). Evidence supporting this relationship de-
rives, for example, from recent genomic-wide association
studies that have identified several loci involved in lipid
metabolism among the AD-susceptible genes (2, 3). For ex-
ample, the &4 allele of the APOE gene encoding apoE is
undoubtedly the most strong genetic risk factor, but re-
cently other genes have been identified such as BINI, CLU,
PICALM, ABCA7, ABCAI, ABCGI, and SORLI (4).

However, the exact mechanisms linking cholesterol ho-
meostasis derangement and AD pathogenesis are far from
being understood and conflicting data have been released,
describing both increased, decreased, or no change of cho-
lesterol levels in different brain sections and the cerebro-
spinal fluid (CSF) of AD patients compared with control
subjects ().

Approximately 30% of the total body cholesterol is present
in the brain, where it plays a crucial role in the synaptogen-
esis and maintenance of neuronal plasticity and function
(6). The brain relies on endogenous local cholesterol syn-
thesis because it is isolated from other body compartments
by the blood-brain barrier (7, 8). While cholesterol synthe-
sis in neurons and glial cells is very high during embryo-
genesis, adult neurons progressively lose this capacity and
most exclusively rely on cholesterol produced from other
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cells such as astrocytes (9, 10), which show at least 2- to
3-fold higher cholesterol synthesis capacity compared with
neurons (1).

Brain cholesterol is transported from astrocytes to neu-
rons by lipoproteins that have been identified in the human
CSF, with a size and density similar to that of plasma HDL
(11). These particles vary widely in size (13-20 nm), are
mainly spherical, and contain apoE, apoA-l, apo], apoA-II,
apoA-IV, and apoD (8, 11, 12). CSF HDI -like particles guar-
antee the transport of cholesterol from astrocytes to neu-
rons that is necessary for providing the proper amount of
cholesterol and phospholipids for neurite formation and
synaptogenesis (11). Cholesterol transport occurs thanks
to the activity of specific membrane transporters such as
ABCAI and ABCGI1 (13). ABCA1 mediates the secretion of
nascent discoidal apoE-rich particles from astrocytes; these
nascent lipoproteins undergo further cholesterol and
phospholipid enrichment through the activity of ABCG1
expressed both in astrocytes and neurons (14). This lipid
enrichment, together with the activity of remodeling en-
zymes, such as the cholesterol esterifying enzyme lecithin
cholesterol acyltransferase, leads to the conversion of na-
scent into mature particles that eventually deliver choles-
terol to neurons by interacting with specific apoE receptors,
such as the LDL receptor and its family members (15).

Few published data suggest that CSF lipoprotein bio-
genesis, maturation, and cholesterol transport capacity
might be altered in AD (16, 17). In particular, Yassine et al.
(16) recently showed that CSF HDL-like particle capacity
to promote cholesterol efflux through ABCA1 is impaired
in both AD patients and subjects with mild cognitive im-
pairment, indicating a derangement of brain lipoprotein
function in the early phases of the disease-associated
neurodegeneration.

In the present work, we confirmed and extended the ob-
servation of Yassine et al. by evaluating the capacity of the
CSF of AD patients and controls to promote cholesterol
efflux; namely, cholesterol efflux capacity (CEC), by all
major cholesterol efflux pathways of ABCAl and ABCGI,
two transporters largely expressed in the CNS (18), and the
unmediated process of passive diffusion. We also evaluated
whether the alteration of CSF-CEC may occur in degenera-
tive dementias (DEMs) other than AD. Finally, we looked
at the potential relationship between CSF HDIlike parti-
cle CEC and the presence of the apoE4 isoform, as well as
the neurochemical biomarkers normally utilized for the
AD clinical diagnosis.

MATERIALS AND METHODS

Patients and samples

The study included a group of patients diagnosed with AD (n=
37), a group of patients with non-AD DEM (7 = 16), and a control
group of patients with more than 20 heterogeneous conditions
unrelated to DEM (controls; n = 39). CSF samples were obtained
by lumbar puncture for routine clinical diagnosis after an in-
formed consent using a form approved by the local ethics com-
mittees. Specimens were immediately stored at —80°C and slowly
defrosted in ice only at the moment of utilization. None of the
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samples presented alterations at the macroscopic examination.
The study was conducted in accordance with the ethical princi-
ples set forth in the Declaration of Helsinki.

The control group included individuals with psychiatric disor-
ders, hydrocephalus, tumors, peripheral neuropathy, and those
who underwent lumbar puncture for suspected demyelinating
disorders discharged with no neurological diseases. The AD diag-
nosis was performed according to NINCDS-ADRDA (19) and sub-
sequent research criteria (20). In the non-AD DEM group,
patients were diagnosed as non-AD DEM according to established
clinical criteria (21-25) and included behavioral variants of fron-
totemporal DEM, amyotrophic lateral sclerosis-frontotemporal
spectrum disorder, corticobasal syndrome, nonfluent primary
progressive aphasia, semantic variant primary progressive aphasia,
progressive supranuclear palsy, and Parkinson’s disease DEM.

Biochemical analyses

The CSF neurobiomarker profile [amyloid B (AB) 142, total tau,
and phosphorylated tau levels] was evaluated by ELISA (Fujirebio,
Ghent, Belgium). Total apoE and apoE4 levels were measured in
CSF by ELISA (MBL, Nagoya, Japan). The kit measures the amount
of human total apoE and apoE4 specifically with high sensitivity
using affinity-purified polyclonal antibody against total apoE and
monoclonal antibody against apoE4. The minimum detectable
concentration is 4 ng/ml and 8 ng/ml for total apoE and apoE4,
respectively. Because apoE4 production is discrete and not con-
tinuous according to the null, heterozygous, or homozygous gen-
otype, the apoE4/total apoE ratio could be used to identify the
apoe4 genotype (26, 27). Based on this concept we stratified sub-
jects in apog4 carriers when the apoE4/apok ratio was >0 (26, 28).
CSF apoA-I was measured by ELISA (Abcam, Cambridge, UK). The
minimum detectable apoA-I concentration of the kit is 59 pg/ml.

CEC

We evaluated CSF-CEC through the cholesterol transporters
ABCAI and ABCGI that are expressed in CNS and involved in the
cholesterol cross-talk between astrocytes and neurons (11). In ad-
dition, we also measured CEC through the passive diffusion pro-
cess, a spontaneous desorption phenomenon that does not
require the expression of membrane transporters (29).

CSF was evaluated for its capacity to promote cholesterol efflux
by slightly modifying a standard radioisotopic technique commonly
used for the evaluation of serum HDL CEC and characterized by
the utilization of specific cell models overexpressing the single cho-
lesterol transporters (30-32). In particular, we used ]774 mouse
macrophages in basal conditions to measure CEC by passive diffu-
sion; 774 cells treated with 0.3 mM cpt-cAMP (Sigma-Aldrich, St.
Louis, MO), which upregulates the ABCALI transporter (33), were
used for total CEC; the specific ABCAI CEC was then calculated
as the difference in CEC between ABCAl-expressing J774 and
J774 cells in basal conditions. ABCGl-mediated CEC was evalu-
ated in hABCGl-expressing Chinese hamster ovary (CHO)-K1 cells
and calculated as the difference in CEC between hABCGIl-ex-
pressing and parent CHO-K1 control cells (34).

J774 macrophages were grown in 10% FCS containing DMEM
(Lonza, Verviers, Belgium) in the presence of 1% penicillin-strep-
tomycin (Thermo Fisher Scientific, Carlsbad, CA). CHO cells
were cultured in 10% FCS containing Ham’s F-12 (Lonza) in the
presence of antibiotics.

In all assays, cells were plated (density of 120,000 cells/well for
J774 and 10,000 cells/well for CHO) and following 24 h were
labeled with [1,2—3H]cholesterol (PerkinElmer, Milano, Italy) for
24 h in the presence of an inhibitor of the cholesterol esterifying
enzyme acyl-CoA:cholesterol acyltransferase (Sandoz 58035;
Sigma-Aldrich) to ensure that all cellular cholesterol would be in



the free form. After labeling, cells underwent an equilibration time
in medium containing 0.2% free fatty acid BSA (Sigma-Aldrich).
During this time, J774 underwent ABCA1 upregulation with a
cAMP analogue. Cells were then washed to remove any cell death
and subsequently exposed to CSF from controls, AD, and non-AD
DEM subjects for 4-24 h depending on the pathway evaluated.
Prior to the utilization, we did not perform any sample fraction-
ation to separate the HDL-like particles from the lipid-containing
nanoparticles that have also been identified in the CSF (35) be-
cause of their negligible contribution to cholesterol efflux (16).
The concentration of CSF used as cholesterol acceptor was 30%
(v/v) for both cell models. In the case of ABCA1 CEC, this was
based on previous reports (16). In the case of ABCG1 CEC, we
assessed the optimal concentration of CSF to be used though pre-
liminary dose-response experiments with a pool of control CSF.
Like what was seen for ABCA1 CEC (16), incubation with increas-
ing concentrations of CSF resulted in a significant, dose-depen-
dent increase of ABCGl-mediated CEC (VQ =0.962, P = 0.019;
supplemental Fig. S1). CSF-CEC was expressed as a percentage of
the radioactivity released into the medium over the total radioac-
tivity incorporated by cells. A parallel set of cells was incubated
with medium alone to provide a background efflux that was sub-
tracted from CEC values of CSF samples. To verify the cAMP-
mediated induction of ABCA1 expression, reference normal
lipid-free human apoA-I (Sigma-Aldrich) was used in each experi-
ment. Similarly, as a control for ABCG1 CEC cell responsiveness,
in each experiment we evaluated cholesterol efflux to native
plasma HDL isolated from healthy donors by ultracentrifugation
(36). In addition, a pool of normal human sera, as a reference
standard, was tested in each assay and its CEC value was used to
normalize the patients’ CSF-CEC values obtained in different ex-
periments to correct for the interassay variability.

Statistical analyses

Statistical analyses were performed using GraphPad Prism ver-
sion 6.0 (GraphPad Software Inc., La Jolla, CA). Every CSF sample
was run in triplicate and average values and SDs were calculated
for each percentage of efflux obtained. The D’Agostino and Pear-
son omnibus normality test was used to verify whether parameters
were normally distributed. Normally distributed parameters were
presented as means = SDs, and skewed continuous parameters
were expressed as medians (interquartile ranges). The compari-
son between the three groups of subjects was performed by one-
way ANOVA or the Kruskal-Wallis test for data normally and not
normally distributed, respectively. In both cases, we corrected the
results for multiple comparison by Dunn’s post hoc test. Categori-
cal variables were compared with the Chi-square test. The rela-
tionship between parameters was assessed by linear correlation

analysis and the correlation coefficients (Spearman r was re-
ported). Statistical significance was defined as P< 0.05.

RESULTS

Demographic and clinical parameters

The demographic data and clinical parameters available
for the cohort of the analyzed subjects are shown in Table 1.
AD patients were significantly older compared with con-
trols (+15%), while the sex distribution was similar among
groups. The AD group presented the typical neurobio-
marker CSF profile, characterized by a marked reduction
of AB 1-42 levels combined with a significant increase of
total and phosphorylated tau. Conversely, both the con-
trols and the non-AD DEM groups displayed a non-
pathological neurobiochemical profile. As expected, the
frequency of the apoe4 genotype was markedly higher
in AD patients.

CSF-CEC

We evaluated the capacity of CSF to promote cell choles-
terol efflux though the membrane transporter ABCAI.
The actual ABCAI expression in cells was demonstrated by
the internal quality control obtained by cholesterol efflux
induction with apoA-I and normal human serum (mean +
SD effluxes are shown in supplemental Table S1). CSF
from AD patients displayed a lower ABCAl-mediated CEC
compared with controls (—73%; P = 0.001; Fig. 1). Con-
versely, non-AD DEM ABCAl-mediated CEC did not sig-
nificantly differ from that of controls (P> 0.999). To rule
out the possibility that the difference between the control
and AD groups was driven by the highest nine CEC values
in the control group, we excluded them from the analysis
and confirmed the significant, although attenuated, differ-
ence between the two groups (mean + SD 0.39 + 0.05% in
controls compared with 0.21 + 0.036% in AD; P=0.048).

We also measured the capacity of CSF to promote cell
cholesterol efflux through the membrane transporter
ABCGI. The actual ABCGI expression in cells was demon-
strated by the internal quality control obtained by choles-
terol efflux induction with isolated normal human HDL
and normal human serum (supplemental Table S1). The

TABLE 1. Demographic data and diagnostic parameters of studied subjects
Controls (n = 39) AD (n=37) non-AD DEM (n = 16) P
Age (years) 60 +16 69+9° 63+8 *P<0.01 vs. controls
Males [n (%)] 20 (51) 19 (49) 8 (50) 0.960
AR 1-42 (ng/1) 966 (782-1,390) 472 (381-562)" 742 (555-1,414)  “P<0.0001 vs. controls and
non-AD DEM

Total tau (ng/1) 120 (98-181)

607 (297-978)™"

“P<0.0001 vs. controls

216 (103-549)
"P=0.004 vs. non-AD DEM

Phosphorylated tau (ng/1) 30 (26-38) 84 (62-104)" 34 (16-50) *P<0.0001 vs. controls and
non-AD DEM

apoE4 carriers [n (%) ] 7 (18) 26 (70)* 5 (31) *P<0.0001 vs. controls and
non-AD DEM

Normally distributed parameters are presented as means + SDs, and skewed continuous parameters are
expressed as medians (interquartile ranges). Statistically different values are reported in bold. CSF neurobiomarker
(AB 1-42, total tau, and phosphorylated tau) values were available for 12/39 subjects in the control group and 13/16

subjects in the non-AD DEM group.

CSF function in Alzheimer’s disease 1451
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Fig. 1. CSFABCAl-mediated CEC in control subjects, AD patients,

and non-AD DEM patients. Each point of the scatter plot represents
the mean of a triplicate analysis of each CSF sample. The plot reports
the mean + SD within each group. ABCA1 CEC was performed on
29/39 CSF samples from AD patients.

measurement of CSF ABCG1-mediated CEC showed that,
like what was observed for ABCA1 CEC, values relative to
AD patients were significantly lower than those of controls
(—33%; P = 0.004; Fig. 2). The reduction appeared to be
specific for AD, as CSF from patients with non-AD DEM
displayed CEC values comparable to those of the control
group (P> 0.999).

Finally, by evaluating CFS-CEC mediated by the passive
diffusion process, we found no differences between AD
and control groups, while non-AD DEM patients displayed
significantly lower values compared with control subjects
(—40%; P=0.002; Fig. 3).

Measurement of apoE and apoA-I CSF levels

The measurement of apoE levels in the CSF of the three
analyzed groups showed no difference comparing AD to
controls (Fig. 4A). However, non-AD DEM values were
slightly but significantly lower than those relative to the
control group (P=0.049). The quantification of CSF apoA-I
did not reveal significant differences between groups
(Fig. 4B).
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Fig. 2. CSF ABCGI1 CEC in control subjects, AD patients, and
non-AD DEM patients. Each point of the scatter plot represents the
mean of a triplicate analysis of each CSF sample. The plot reports
the mean + SD within each group.
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Fig. 3. CSF passive diffusion CEC in control subjects, AD patients,
and non-AD DEM patients. Each point of the scatter plot represents
the mean of a triplicate analysis of each CSF sample. The plot reports
the mean + SD within each group. Passive diffusion CEC was per-
formed on 29/39 CSF samples from AD patients.

CSF-CEC by apoE4 status

Stratifying all subjects of the study based on the absence
or presence of the apoE4 isoform, we did not observe signifi-
cant differences in any of the CSF-CEC pathways (Table 2).

Correlations

Finally, we evaluated whether some correlations exist
between the CSF-CEC mediated by each pathway analyzed
and age, apolipoproteins levels, and neurobiomarkers of AD
diagnosis. Results of linear-regression analyses considering
all subjects together are reported in Table 3. None of the
efflux pathways correlated with age. ABCG1 CEC was posi-
tively associated with CSF apoE levels. However, by analyz-
ing the three study groups separately, a significant positive
correlation was conserved only in the control group (r =
0.358, P=0.027). A similar behavior was observed for the
correlation between apoA-I and passive diffusion, signifi-
cant in the whole series of subjects but driven only by the
control group (r=0.413, P=0.021).

None of the GSF-CEC pathways correlated with apoE4
CSF levels. ABCG1 CSF-CEC correlated positively with A3
1-42, while ABCA1 CSF-CEC inversely correlated with both
total and phosphorylated tau levels. All of these correla-
tions were absent analyzing the three groups separately
(data not shown). The neurobiomarkers AR 1-42, total tau,
and phosphorylated tau did not correlate with age, neither
considering all subjects together nor the three groups sep-
arately (data not shown).

DISCUSSION

Disturbances in brain cholesterol homeostasis, includ-
ing total content, trafficking between cells, and intracellu-
lar metabolism, are involved in AD pathogenesis (1).
Considering brain cholesterol trafficking, the integrity of
cholesterol fluxes between brain cells relies both on a nor-
mal membrane expression of cholesterol transporters/
receptors on the cell side and on a proper functionality of
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HDI-like particles on the CSF side. In AD, alterations of
genes coding for the membrane cholesterol transporters
ABCA1 or ABCGI1 and loss-of-function ABCAI variants are
risk factors for disease onset (4, 37, 38). We evaluated the
brain cholesterol trafficking studying the function of CSF
HDL-like particles in AD and non-AD DEM by testing CSF-
CEC on standardized cellular models expressing ABCAI or
ABCGI1 transporters and analyzing its relationship with
other AD-related laboratory parameters.

Our results not only confirm the previously reported re-
duction of CSF ABCAl-mediated CEC (16) but also de-
scribe an impairment of ABCGl-mediated CEC specifically
occurring in AD.

Overall, the results of our study support the existence of
a pathophysiological link between the impairment of brain
cholesterol fluxes mediated by CSF HDL-like particles and
AD. The dysfunction of CSF HDL-like particles in promot-
ing ABCAl- and ABCGIl-mediated cholesterol efflux may
have deleterious consequences on neurons. In fact, these
cells, unable to synthetize all cholesterol they need (1), rely
on cholesterol uptake from CSF HDL particles, which, in
turn, enrich in cholesterol through the interaction with
the astrocyte membrane cholesterol transporters ABCAL
and ABCGI1 (13). Thus, a defect in CEC of CSF HDI like
particles may end up in lower supply of cholesterol to neu-
rons, leading to their apoptosis and eventually to neurode-
generation (39). As ABCA1 and ABCGI are also expressed
by neurons, one could argue that reduced CSF-CEC might
also end up in less cholesterol removal from these cells.
However, as the requirement of neurons for cholesterol
is very high and satisfied only by a continuous supply
from astrocytes, it is likely that the net effect of CSF-CEC
impairment is that of neuron cholesterol depletion. This
effect is even more important considering the increase
in PCSK9 CSF levels in AD, which has been recently re-
ported by us and by others (26, 40). PCSK9, in fact, re-
duces neuronal expression of receptors for cholesterol
uptake (41, 42). Thus, increased PCGSK9 CSF levels and
reduced CSF-CEC may concur in neuronal cholesterol
depletion and neurodegeneration.

TABLE 2. CSF cholesterol efflux values stratified between carriers
and noncarriers of the apoE4 isoform

apoE4 carriers apoE4 noncarriers

% P
ABCGI1 CEC 227 +1.24 2.39 £ 1.41 0.969
ABCA1 CEC 0.60 +0.70 0.43 + 0.52 0.162
Passive diffusion CEC 0.82 + 0.36 1.03 + 0.60 0.090

Data are presented as means + SDs.

T
non-AD DEM

from AD patients, and 13/16 samples from non-AD
DEM patients.

Our finding of a multiple pathway impairment of CSF-
CEC only in AD patients points to a role of CSF HDIlike
particles dysfunction specifically in AD neuronal damage.
The theoretical role of CSF lipid nanoparticles and albu-
min in cell cholesterol efflux promotion is in fact extremely
unlikely, as indicated by previous studies on their concen-
tration in the brain and cholesterol efflux ability (16, 43).
In AD, HDI like particle dysfunction might be due to the
interference on lipoprotein-mediated brain cholesterol
trafficking by AB metabolism and the formation of neuro-
fibrillary tangles, as discussed below.

CSF-CEC likely depends not only on CSF HDIL-like par-
ticle concentration but also on their size and composition,
as widely demonstrated for serum HDL (44). CSF content
in apoE, produced in CNS (45) and in apoA-I, which de-
rives from the peripheral circulation through a cholesterol-
dependent process (46, 47), reflects HDL-like particle
concentration and was comparable among groups. More-
over, we did not find any correlation between CEC and CSF
apolipoprotein levels in AD, while ABCG1 CEC and passive
diffusion correlated with apoE and apoA-I only in the con-
trol group, respectively.

The similarity of apoE and apoA-I levels in controls
and AD that we found is in line with the results of some
previous studies (48-50) but not with others (16, 48, 50),
making necessary further investigation to clarify this
aspect.

From our data we may speculate that modifications of
CSF-CEC in AD appear to be related to changes in HDL-
like particle quality and function rather than concentra-
tion. Concerning the difference between the control and
AD groups, impaired phospholipid or triglyceride enrich-
ment of HDL-like particles might derive from the reduced
CSF lecithin cholesterol acyltransferase activity reported in
AD patients (17) and be associated with a specific impair-
ment of the subclass of larger particles, representing the
major lipoprotein fraction in the cerebrospinal fluid (12,
51), with consequent altered affinity for the ABCGI1 trans-
porter (52, 53). Our data showing in the control group low
values of ABCA1 CEC compared with those of ABCG1 CEC
are consistent with the notion that in human CSF mainly
large and spherical particles are present (11, 12). An alter-
native explanation for ABCG1 CEC impairment in AD is
the altered AB protein cargo previously described in AD
CSF particles (54) and specifically on the large HDL1 sub-
fraction (54, 55). This hypothesis is somehow consistent
with the relationship that we previously observed between
an increased HDL content of serum amyloid A, another
misfolded protein involved in the acute-phase response,

CSF function in Alzheimer’s disease 1453



TABLE 3. Correlations

Passive diffusion

ABCGI CEC ABCAI CEC CEC
Age r=—0.078 r=-0.102 r=—0.123
P=0.463 P=0.358 P=0.268
apoE r=0.370 r=0.011 r=0.170
P<0.001 P=0.920 P=0.132
apoE4 r=0.046 r=—0.153 r=—0.174
P=0.675 P=0.176 P=0.121
apoA-I r=0.048 r=—0.061 r=0.354
P=0.692 P=0.626 P=0.003
AB 142 r=0.305 r=0.203 r=0.068
P=0.025 P=0.172 P=0.647
Total tau r=—0.212 r=—0.348 r=0.092
P=0.127 P=0.018 P=0.542
Phosphorylated tau r=—0.225 r=-—0.294 r=0.269
P=0.106 P=0.048 P=0.070

The relationship between parameters was established by correlation
analysis, and the Spearman coefficients are reported. Significant
associations are shown in bold.

and a reduced capacity of serum HDL to promote ABCGI-
mediated cholesterol efflux (31).

The mentioned specificity of CSF-CEC alterations in AD
and the differences with other types of DEM are further
underlined by our finding that only non-AD subjects pre-
sented a reduction in CSF-CEC mediated by passive diffu-
sion. This finding is likely explained by the lower CSF apoE
levels of these patients, as cell passive diffusion is a process
known to be driven by relative gradients of cholesterol and
extracellular acceptors (56). The reduced concentration of
apokE observed in non-AD DEM are consistent with previ-
ous findings (50, 57).

Our data suggest also that the impairment of CSF-CEC
in AD is independent of the presence of the apoE4 iso-
form, one of the major genetic risk factors for AD (4). Our
results are in line with Yassine et al. (16), who also did not
find significant correlations between CSF ABCAl-mediated
CEC and the apoe genotype. In addition, our data are also
consistent with previous work performed with isolated
apoE4 or apoE4-containing synthetic HDL on ABCA1-and
ABCGI1-mediated efflux (58, 59). However, also taking into
account other previous data on the reduced capacity of the
isolated human apoE4 isoform to promote neuron choles-
terol efflux (60, 61), a further confirmation of CSF-CEC
independence to the apog4 genotype in a larger popula-
tion is needed.

The correlations that we found between CSF-CEC and
the neurochemical biomarkers used for AD diagnosis are
suggestive of a mechanistic link between HDL-like particle
quality and biochemical abnormalities involved in AP pep-
tide deposition and protein tau phosphorylation. This as-
sociation seems to be independent of age because age did
not correlate with either CSF-CEC or with the AD biomark-
ers. In detail, the ABCG1 CSF-CEC was directly associated
with A levels, which decrease with A deposition in the
insoluble form, and ABCA1 CEC was inversely correlated
to phosphorylated tau levels. Given that no cause-and-
effect relationship can be inferred, it is intriguing consider-
ing, for example, that neuronal cholesterol content and
distribution have been involved in A metabolism, with
cholesterol depletion reducing A solubility (62, 63).
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On the other hand, tau is present in lipid rafts, which
are specialized cholesterol- and receptor-rich membrane
domains (64). Membrane raft disruption in neurons
caused by cholesterol depletion has been shown to cause
perturbations of membrane raft-associated cytoskeleton
proteins, including tau (65). In addition, reduced raft
cholesterol has been found to promote tau hyperphos-
phorylation in Niemann-Pick Cl-deficient cells (66).
Thus, impaired CSF HDL-like particle-mediated brain
cholesterol trafficking might be somehow involved in the
complex and mostly yet ununderstood processes leading
to the formation of amyloid plaques and neurofibrillary
tangles in AD.

The main limitations are relative to the descriptive na-
ture of the work and to the fact that our cell models are
different from the cerebral cells with which the CSF is in
contact, except for the expression of the cholesterol trans-
porter. For these reasons, our findings need to be inte-
grated with future studies to obtain mechanistic insights.

Another limitation concerns the small sample size, espe-
cially for the non-AD DEM group. For example, the small
numbers may not be sufficiently statistically powered to de-
tect differences in the stratification of CSF-CEC based on
the genotype or in correlation studies within groups. In
particular, the small sample size has conditioned the im-
possibility to make stratified analyses on control patients,
presenting a wide distribution of CEC values. The particu-
lar nature of CSF makes obviously difficult obtaining sam-
ples from healthy subjects but renders also difficult
assembling a homogeneous control group. However, we
were able to confirm the presence of a reduced but still
statistically significant difference in CEC values between
AD and controls after excluding from the analyses those
control samples giving the highest ABCA1-CEC values. On
the other hand, no particular diagnosis was associated with
the highest ABCA1-CEC values and, most importantly, the
high heterogeneity of diagnoses in our control group re-
duced the possibility of specific bias. A further limitation of
our study derives from the limited CSF sample volume,
which did not allow us to study physicochemical character-
istics of CSF HDL-like particles.

CONCLUSION

We demonstrated that CSF capacity to promote cell cho-
lesterol efflux via the active transporters ABCAI and
ABCGl1 is specifically impaired in AD, possibly due to quali-
tative modifications in CSF HDI-like particles. Such im-
pairment correlates with the main neurobiochemical
markers of AD, AB, and p-tau, suggesting the existence of
pathophysiological links between reduced neuronal cho-
lesterol supply and neurodegeneration in AD. Our data,
together with further information worth obtaining on the
precise mechanisms of CSF HDIL-like particle dysfunction,
may open the way to developing new lipoprotein-based
pharmacological approaches, such as modulators of HDL-
like particle maturation, to ameliorate brain cholesterol
trafficking in AD Hf
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