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Abstract The cholesteryl ester transfer protein
(CETP) is a lipid transfer protein responsible for the
exchange of cholesteryl esters and triglycerides be-
tween lipoproteins. Decreased CETP activity is asso-
ciated with longevity, cardiovascular health, and
maintenance of good cognitive performance. Inter-
estingly, mice lack the CETP-encoding gene and have
very low levels of LDL particles compared with
humans. Currently, the molecular mechanisms
induced because of CETP activity are not clear. To
understand how CETP activity affects the brain, we
utilized CETP transgenic (CETPtg) mice that show
elevated LDL levels upon induction of CETP
expression through a high-cholesterol diet. CETPtg
mice on a high-cholesterol diet showed up to 22%
higher cholesterol levels in the brain. Using a micro-
array on mostly astrocyte-derived mRNA, we found
that this cholesterol increase is likely not because of
elevated de novo synthesis of cholesterol. However,
cholesterol efflux is decreased in CETPtg mice along
with an upregulation of the complement factor C1Q,
which plays a role in neuronal cholesterol clearance.
Our data suggest that CETP activity affects brain
health through modulating cholesterol distribution
and clearance. Therefore, we propose that CETPtg
mice constitute a valuable research tool to investigate
the impact of cholesterol metabolism on brain
function.
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Cholesterol is a major constituent of biomembranes
and precursor for various hormones. In most tissues,
the cholesterol concentration is about 2 mg/g tissue;
however, it reaches 15–20 mg/g in the tissue of the CNS
(1). Thus, the brain contains 25% of the total body
cholesterol, suggesting a special need of the brain for
cholesterol (2). In the blood, dietary cholesterol is
*For correspondence: Lisa Marie Munter, lisa.munter@mcgill.ca.

Crown Copyright © 2022 Published by Elsevier Inc on behalf of American Society for Bio
This is an open access article under the CC BY-NC-ND license (http://creativecommon
transported by VLDL or LDL particles that are secreted
by the liver to deliver cholesterol to extrahepatic tissues
(3). Reverse cholesterol transport from the periphery
back to the liver occurs via HDL particles (4). However,
the brain seems to be excluded from these distribution
cycles since neither VLDL particles nor LDL particles
cross the blood-brain barrier, leading to the conclusion
that cholesterol metabolism in the brain is separated
from that of the periphery (2, 5–7). In the CNS, astro-
cytes are the cell types primarily involved in lipid syn-
thesis and secrete HDL-like lipoprotein particles that
contain predominantly apolipoprotein E (APOE) as the
apolipoprotein (8). Such particles are taken up by neu-
rons through members of the LDL-receptor (LDLR)
family that recognize APOE including the LDLR-
related protein 1 (LRP1) (9).

The cholesteryl ester transfer protein (CETP) is a
lipid transfer protein that facilitates the exchange of
cholesteryl esters in HDL for triglyceride in VLDL and
LDL (10, 11). The net result of this transfer activity is
increased cholesterol content in proatherogenic LDL
particles and decreased cholesterol levels in anti-
atherogenic HDL particles (12). Studies investigating the
genetic predisposition of “superagers” or “centenar-
ians” with well-maintained health and cognitive per-
formance revealed that polymorphisms that impair the
activity of CETP are positively associated with
longevity, cardiovascular health, and sustained cogni-
tive performance (13–15). Based on these findings,
several studies investigated whether CETP poly-
morphisms could decrease the risk for Alzheimer’s
disease, an aging-associated neurodegenerative disease.
Indeed, protective effects of CETP polymorphisms at
early Alzheimer’s disease stages were reported, particu-
larly in carriers of the strongest genetic risk factor, the
ε4 allele of the APOE4 (16–19). ApoE is the predominant
lipoprotein of the brain, in contrast to the blood where
there are several apolipoprotein-defined lipoprotein
families (20). Those epidemiological findings indicate
that CETP activity may impact on cognitive
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performance and brain functions; however, the un-
derlying mechanisms remain unclear.

While CETP is predominantly expressed in the liver
and secreted to the blood, it is expressed in astrocytes as
well (21). However, its function in the CNS remains
elusive. Considering the important effect of CETP on
systemic cholesterol levels, we hypothesized that CETP
may also contribute to the alterations of the brain’s
cholesterol levels. It is important to note that mice natu-
rally lack CETP, and therefore, they have considerably
less LDL compared with humans (22). To gain insight on
how CETP may impact on cognitive performance in
humans, we used a well-established CETP transgenic
(CETPtg)mousemodel expressing the human CETP gene
under its natural promoter that is frequently used in the
cardiovascular research field (23). The promoter con-
tains a cholesterol-responsive element that induces CETP
gene expression in response to dietary lipids. Therefore,
CETP expression in CETPtg mice leads to increased LDL
levels and could thus be regarded as amousemodel with
a humanized (normolipidemic) lipoprotein profile (24).
We herein characterized the effects of CETP expression
on molecular changes in the brain in CETPtg mice. We
observed higher cholesterol levels in the brains of
CETPtg as compared with wt mice. Transcriptome
profiling of mostly astrocytes revealed no significant
changes in cholesterol synthesis. However, we observed
decreased cholesterol secretion and upregulation of the
complement factor C1Q linked to neuronal cholesterol
efflux (25).
MATERIALS AND METHODS

All experiments were conducted in accordance with McGill
University environmental health and safety regulations as
well as the Canadian biosafety standards and guidelines.

Western blot analysis of mouse tissue
Fresh-frozen liver or brain samples (approximately 100 mg)

were lysed in 5× volume of lysis buffer (150 mM NaCl, 10%
glycerol, 2 mM EDTA, 0.5% NP-40, 0.1% sodium deoxycholate,
20 mM Hepes, 1× cOmplete Protease Inhibitor Cocktail
[Roche], pH 7.4) using lysing-matrix D at 6,000 rpm for 40 s.
The lysates were diluted 1:5 in lysis buffer and prepared for
SDS-PAGE (10% or 15%). Primary antibodies used were 22C11
(Millipore), anti-GAPDH (14C10; Cell Signaling), TP2 (kind gift
of the Ottawa Heart Institute), anti-triggering receptor
expressed in myeloid cells 2 (TREM2) (Mab1729; R&D Sys-
tems) and anti-ABCA7 (polyclonal; Thermo Fisher Scientific),
and horseradish peroxidase-coupled secondary antibodies
(Promega). Chemiluminescence images were acquired using
the ImageQuant LAS 500 system (GE Healthcare).

RT-quantitative PCR
mRNA was isolated from mouse tissue (Macherey & Nagel).

Briefly, 25–50 μg of fresh-frozen tissue were lysed in 450 μl
RNA preparation buffer (with β-mercaptoethanol) in lysing-
matrix D tubes using a MagNA Lyser (6,000 rpm 2× 30 s).
RNA concentration was adjusted to 100 pg/ml, and 500 ng of
2 J. Lipid Res. (2022) 63(9) 100260
RNA were transcribed into complementary DNA (Applied
Biosystems). RT-quantitative PCR (qPCR) was performed us-
ing the SsoAdvanced SYBR green supermix (Bio-Rad) on a
Bio-Rad CFX384Touch cycler. All primers were obtained
from integrated DNA technologies. CETP forward: CAGAT-
CAGCCACTTGTCCAT, CETP reverse: CAGCTGTGTGTT-
GATCTGGA; Abca7 forward: TTCTCAGTCCCTCGTCA
CCCAT, Abca7 reverse: GCTCTTGTCTGAGGTTCCTCGT;
Tnfa forward: GGTGCCTATGTCTCAGCCTCTT, Tnfa
reverse: GCCATAGAACTGATGAGAGGGAG; Il1b forward:
TGGACCTTCCAGGATGAGGACA, Il1b reverse: GTTCAT
CTCGGAGCCTGTAGT; toll-like receptor 4 (Tlr4) forward:
AGCTTCTCCAATTTTTCAGAACTTC, Tlr4 reverse: TGA
GAGGTGGTGTAAGCCATGC; Trem2 forward: ACAG-
CACCTCCAGGAATCAAG, Trem2 reverse: AACTTGCT-
CAGGAGAACGCA; and Il6 forward: CCTCTGGTCTTC
TGGAGTACC, Il6 reverse: ACTCCTTCTGTGACTCCAGC.
Reference genes: Hprt forward: CCAGTTTCACTAATGA-
CACAAACG, Hprt reverse: Psmc4 forward: CCG
CTTACACACTTCGAGCTGT, Psmc4 reverse: GTGATG
TGCCACAGCCTTTGCT; Gapdh forward: CATCACTGC-
CACCCAGAAGACTG, Gapdh reverse: ATGCCAGT-
GAGCTTCCCGTTCAG; and β-actin forward: CATTGCTG
ACAGGATGCAGAAGG, β-actin reverse: TGCTGGAAGG
TGGACAGTGAGG. Primer efficiency was determined to be
between 90 and 110%.
Imaging mass spectrometry
Fresh-frozen brain samples were sectioned sagittally

(Bregma; ∼2.5) at 14 μm thickness and mounted on indium-
tin-oxide-coated microscopy slides (Delta Technologies,
Loveland, CO). Silver metal deposition was then performed
on all slides using a Cressington 308R sputter coater (Ted
Pella, Inc, Redding, CA) according to Dufresne et al. (26). A
20 nm silver layer thickness was determined to be optimal
for maximum cholesterol signal intensity from brain tissue
sections. Silver-assisted laser desorption ionization imaging
mass spectrometry (IMS) data were acquired using a MALDI-
TOF/TOF ultrafleXtreme mass spectrometer (Bruker Dal-
tonics, Billerica, MA). Silver-assisted laser desorption ioniza-
tion IMS data were visualized in flexImaging (4.1) without
normalization (Bruker Daltonics, Billerica, MA). Relative in-
tensities from the hippocampal region of each sample were
calculated in R (version 3.4.4) with the Cardinal package
(version 2.1) using the pipeline described by Yang et al. (27).
Briefly, the raw data and manually selected regions of in-
terest were exported from flexImaging as imzML or XML,
respectively, and imported into R for preprocessing. The
average intensities at m/z 493.2 (corresponding to the [M +
Ag107]+ silver adduct cholesterol ion) for each hippocampal
region were then extracted based on the manually selected
regions of interest and calculated. Significance was calcu-
lated with a Student's t-test.
Filipin staining and immunohistochemistry
Fresh-frozen brains were cut on the sagittal plane at 25 μm

thickness using a cryostat (Leica, Germany). Sections were
fixed in 4% paraformaldehyde at 4◦C for 2 h. Filipin III was
dissolved in dimethylformamide (10 mg/ml) and diluted 100-
fold with 10 mM PBS. Sections were washed in PBS and
incubated in 0.01 mg/ml Filipin complex solution (Sigma-
Aldrich) at room temperature for 2 h. After washing with
PBS, brain sections were mounted and imaged with Zeiss
AxioImager M2 Imaging microscope with the Zeiss ZenPro



software, version 2.3 (Zeiss Canada). For immunohistochem-
istry, brain sections were permeabilized with 0.2% Triton-X
in PBS and blocked for 1 h at room temperature in 10%
normal donkey or goat serum. Sections were incubated in a
cocktail of primary antibodies composed of mouse anti-glial
fibrillary acidic protein (GFAP) (Cell signaling; catalog no.:
3670; 1:1,000 dilution), and rabbit anti-C1q (Abcam; catalog
no.: ab182451; 1:400 dilution) prepared in 5% blocking solu-
tion for 12 h at 4◦C. Primary antibody labeling was detected
using species-specific secondary antibodies conjugated to
Alexa 488 and Alexa 568 (Invitrogen; 1:800 dilution, incu-
bated at room temperature for 2 h). Sections were mounted
on gelatin subbed slides and coverslipped using Prolong
Gold Antifade mounting medium (Invitrogen). Sections were
imaged using Zeiss LSM 800 confocal microscope. Filipin and
C1q fluorescence intensity levels were quantified by the
average intensity of staining in ImageJ (National Institutes of
Health) using images captured by 20× objective (C1q) and
40× objective (filipin). Specifically for filipin staining, all
images were thresholded to an equal value that was deter-
mined empirically, and only fluorescent intensities corre-
sponding to the cell membranes were quantified. All values
were normalized to the background fluorescence of the
corresponding image.
Mouse housing
The CETPtg mouse strain B6.CBA-Tg(CETP)5203Tall/J

(Jackson strain no.: 003904) (23) was housed according to the
McGill University standard operating procedure mouse
breeding colony management #608. All procedures were
approved by McGill’s Animal Care Committee and per-
formed in accordance with the ARRIVE guidelines (Animal
Research: Reporting in Vivo Experiments). The strain was
maintained heterozygously, and nontransgenic littermates
were served as controls. Genotyping was performed by
Transnetyx. Diets: low fat control diet (TD.08485), low fat diet
enriched with 1% cholesterol (TD.140215), and a diet contain-
ing 21% FAs and 1% cholesterol (TD.95286) (Envigo). The FA
composition was 65% saturated FA, 31% MUFA, and 4%
PUFA. Animals of both sexes were assigned randomly to
treatment groups.
Plasma lipid analysis
The lipid analysis of mouse plasma samples was performed

using the COBAS INTEGRA 400 Plus (Roche) and the
following kits: COBAS INTEGRA CHOL 2, COBAS INTE-
GRA HDL-C gen3, and COBAS INTEGRA TRIG GPO 250,
respectively. The levels of LDL-C were calculated using the
Friedewald’s formula: [total cholesterol] − [HDL-C] − [tri-
glyceride/2.2].
CETP activity assay
CETP activity was measured using the Roar Biomedical, Inc

fluorescent CETP activity assay. Here, 5 μl of cell culture su-
pernatant was incubated with 0.3 μl donor and 0.3 μl acceptor
molecules in 30 μl reaction volume. The reaction mix was
incubated for 3 h at 37◦C in a water bath, and the fluores-
cence (λex 465/λem 535) was measured.
Astrocyte enrichment
Astrocytes were enriched using the Anti-ACSA-2

MicroBead Kit (Miltenyi Biotec). Briefly, whole mouse brains
were dissociated using a miltenyi gentleMACS Octo dis-
sociator with heaters, and ACSA-2-positive astrocytes were
isolated using anti-ACSA-2 antibody magnetic beads accord-
ing to the manufacturer’s instructions. Enriched ACSA-2/
GLAST-positive astrocytes were ethanol fixed, stained with a
Cy3-labeled anti-GFAP antibody (1:1,000 dilution; Sigma), and
analyzed on a BD LSRFortessa flow cytometer. BD FACS-
DIVA 8.0.1. was used for analysis.

Astrocyte microarray
RNA from enriched astrocytes was isolated using the

Macherey & Nagel mRNA isolation kit. The Affymetrix
clariom-S nano microarray was performed at the Genome-
center Quebec according to the manufacturer’s instructions.
The initial microarray dataset was analyzed using Tran-
scriptome Analysis Software (Affymetrix).

Statistical analysis
Statistical analysis was performed using the GraphPad

Prism 7 and 8 software (GraphPad Software, Inc). Analyses
include only parametric tests: Student's t-test, two-way
ANOVA followed by Bonferroni corrections, and Tukey’s
multiple comparison tests. All P values, statistical tests, N
values, and the experimental units employed are indicated in
figure legends.

RESULTS

Dietary cholesterol intake induces CETP expression
CETPtg animals have been widely used in cardiovas-

cular research (23). However, it remains unclear if FAs
further induce CETP expression in addition to dietary
cholesterol. To identify the ideal diet for inducing
CETP expression in the CETPtg model, we compared a
diet enriched with 1% (w/w) cholesterol to a diet con-
taining 1% cholesterol plus 21% (w/w) FAs (cholesterol/
FA). Wt and CETPtg mice received diets for 1 month
starting at 2 months of age (Fig. 1A). As expected,
CETPtg, but not wt mice, showed CETP activity, con-
firming that there is no compensatory mechanism for
the lack of CETP in wt mice. CETP activity was
increased 2-fold in CETPtg mice that were on a diet
enriched in cholesterol or cholesterol/FA as compared
with those on standard diet (Fig. 1B). Likewise, both
high-fat diets induced a 2-fold increase of circulating
CETP protein levels in mouse plasma, as determined by
Western blot (Fig. 1D, E). Furthermore, we quantified
CETP mRNA levels in liver by RT-qPCR and found that
the diet supplemented only with cholesterol induced a
bigger increase of CETP mRNA levels (8.8-fold) as
compared with the high-cholesterol/FA diet (7-fold)
(Fig. 1C). When assessing the lipid profile in plasma, we
found that CETPtg mice had lower HDL-C levels on
standard and high-cholesterol diets, an effect that was
missing in mice receiving the cholesterol/FA diet
(Fig. 1F). LDL cholesterol levels were significantly
elevated in CETPtg animals fed with a cholesterol-
enriched diet, which was not observed in animals fed
with a cholesterol/FA diet, likely because of the
CETP increases brain cholesterol 3
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presence of monounsaturated and polyunsaturated
FAs (28), although both diets led to a similar increase in
CETP activity and protein levels (Fig. 1G). It is important
to note that those LDL levels of approximately
1.2 mmol/l observed in CETPtg mice are still relatively
low, given that human LDL levels <3 mmol/l are
considered healthy. Total cholesterol was not signifi-
cantly affected by the diets (Fig. 1H). However, we
found a trend toward decreased levels of triglycerides
in animals fed with the cholesterol diet independent of
the genotype (Fig. 1I). Finally, we analyzed the net
weight gain of mice during the 4-week diet period. In
contrast to the cholesterol/FA diet, mice on the
cholesterol diet did not show an additional weight gain
as compared with standard diet (Fig. 1J). Together, high
CETP expression and enhanced activity are achieved
with both diets. However, the blood lipoprotein profile
only changed toward a more human-like profile, that is,
increased LDL levels, in mice receiving the cholesterol-
only diet. In addition, since cholesterol-enriched food
did not impact the weight of mice, this diet has the
advantage that potentially confounding factors such as
obesity can be excluded. Thus, we chose to use the 1%
cholesterol diet for further experiments.

CETP promotes TREM2 expression in the liver
To ultimately study the chronic effect of CETP

expression on the brain, we expanded the diet period to
3 months (Fig. 2A). First, we analyzed the effect of
CETP on plasma LDL levels and transcriptional
changes in the liver. Dietary cholesterol is known to
decrease cholesterol synthesis and transcription of
genes involved in cholesterol synthesis (the rate-
limiting enzyme 3-hydroxy-3-methylglutaryl-coen-
zyme A reductase [Hmgcr]) and cholesterol uptake (Ldlr
and the Lrp1) through regulation of SREBP-2 (29).
Indeed, Hmgcr, Ldlr, and Lrp1 mRNA levels were
decreased on high-cholesterol diet in wt and CETPtg
mice as compared with wt mice on a standard diet at the
age of 5 months (Fig. 2B–D) (30). In addition, CETPtg
mice on a standard diet showed lower Hmgcr and Ldlr
gene expression levels as compared with wt as well,
indicating that the little CETP expressed on a standard
diet already redistributed cholesterol (Fig. 2B, C). In
addition, we assessed two Alzheimer’s risk genes, the
ABCA7, a lipid transporter that is also regulated by
SREBP-2, and Trem2, a lipoprotein receptor (31–34).
ABCA7 protein levels were double in CETPtg mice
compared with wt mice in either diet and also doubled
when either wt and CETPtg mice were put on a
cholesterol diet. Thus, there was a 4-fold increased
5 months, n = 5–8, mean ± SEM; 2-way ANOVA, Tukey’s multiple co
were separated on 10% SDS-PAGE gels. CETP was detected using th
blots as shown in D: n = 8, mean ± SEM; Student's t-test. F–I: Plasma l
I: triglycerides from mouse plasma samples. n = 6–14. Mean ± SE
weight increase: Net weight increase of wt and CETPtg mice during
difference in ABCA7 protein levels between the ex-
tremes; that is, wt on standard diet compared with
CETPtg on cholesterol diet (Fig. 2E–G). Trem2 gene
transcription was also increased by both the cholesterol
diet and CETP expression leading to an 8-fold increase
of transcript levels when comparing the two extremes
(wt mice on standard diet with CETPtg mice on choles-
terol diet) (Fig. 2H). However, this transcript increase
could not be replicated at the protein level, which could
be attributed to overall low signal intensities in the
Western blot (Fig. 2E, I).

CETP activity promotes peripheral inflammation
It has been previously shown that cholesterol-

enriched diets induce inflammation (35). Here, we
assessed the effect of CETP as well as high-cholesterol
diet on peripheral inflammation. Specifically, we
quantified the inflammatory cytokines IL1β and TNFα
in mouse plasma samples using multiplex ELISA of 5-
month-old mice after 3 months of a 1% cholesterol or
control diet. TNFα levels were significantly increased
in CETPtg mice as compared with wt mice on choles-
terol diet; however, it should be noted that out of the
10 plasma samples analyzed, six samples had very low
TNFα levels comparable to the control diets, and only
four mice showed elevated TNFα levels (Fig. 3A).
Levels of IL1β were slightly increased in several
CETPtg mice on the cholesterol diet, and one mouse
had much higher levels (Fig. 3B). Since CETP is mainly
secreted by the liver, we determined mRNA expres-
sion of such cytokines in the liver by qRT-PCR. As
expected, the same mice with elevated plasma cytokine
levels also had elevated Tnfa and Il1b mRNA levels in
liver (Fig. 3C, D). Furthermore, mRNA expression of
the Tlr4 as upstream regulator of TNFα and IL1β was
also increased in mice with highest cytokine levels
(Fig. 3E). Similarly, transcript levels of Il6, an inter-
leukin that was reported to induce the expression of
lipid-regulating proteins was high in 3 of 12 mice
(Fig. 3F) (36). To analyze whether inflammatory cyto-
kine production was extended to the CNS, transcript
levels were determined from cortical samples. While
we were able to demonstrate that CETP is expressed in
the cortex of CETPtg mice, its expression levels were
not affected by dietary cholesterol intake (Fig. 3G).
Importantly, cytokine levels were not significantly
increased in the brain at this age except for Il1b levels
(Fig. 3H–J). In summary, CETP expression and a
cholesterol diet induced inflammatory responses in the
periphery, as expected, with attenuated effects in the
brain.
mparison. D: CETP Western blot from liver lysates. Liver lysates
e TP2 monoclonal antibody. E: Quantification of CETP Western
ipoprotein analysis: F: HDL-C, G: LDL-C, H: total cholesterol, and
M; 2-way ANOVA, Tukey’s multiple comparison test. J: Mouse
the feeding period.
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TREM2; n = 6; mean ± SEM, Student's t-test.
CETP changes the brain cholesterol composition
To determine the effect of CETP expression and

high-cholesterol diet on the composition and distribu-
tion of lipids in the brain, we employed MALDI IMS.
While several studies have looked at the distribution of
lipids in the brain by IMS using 1,5-diaminonaphthalene
or other organic matrices (37, 38), the visualization of
cholesterol using IMS remained challenging. Here, we
deposit a fine homogeneous silver layer over the tissue
sections to promote the LDI and allow the imaging of
cholesterol and olefin containing FAs with high speci-
ficity and sensitivity (26). The heatmap images depict the
distribution of cholesterol in sagittal mouse brain sec-
tions detected at m/z 493 ([M + Ag107]+ silver adduct
6 J. Lipid Res. (2022) 63(9) 100260
molecular ion) (Fig. 4A). Cholesterol is found at the
highest concentrations in the myelin-rich fiber tracts,
whereas lower levels are observed in cortex, hippo-
campus, and cerebellum (Fig. 4A). Most interestingly,
CETPtg mice showed overall higher cholesterol levels in
the brain than wt mice with a 22% increase in the hip-
pocampal region (Fig. 4A–C). Cholesterol quantification
from the whole brain section showed similar trends,
albeit without statistical significance (Fig. 4D).

The hippocampus is a well-studied brain region
responsible for critical brain functions such as memory
consolidation, and its alterations are commonly associ-
ated with cognitive decline. To confirm the mass spec-
trometry results with a second independent approach
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Fig. 3. CETP activity promotes peripheral inflammation. A
and B: Plasma cytokine levels. A: TNFα and B: IL1β measured in
25 μl plasma using a multiplex ELISA (mesoscale discoveries);
n = 6–11. Mean ± SEM; 2-way ANOVA, Tukey’s multiple
and with higher resolution, we used filipin staining to
assess cholesterol levels in the CA1, CA3, and dentate
gyrus regions of hippocampus (Fig. 4E). Filipin staining
in the hippocampus clearly labeled the plasma mem-
branes in all conditions. The overall cholesterol levels
assessed by intensity of filipin fluorescence was
elevated by 15–25% in all hippocampal regions CETPtg
mice as compared with wt mice on a high-cholesterol
diet (Fig. 4G). Interestingly, the presence of CETP
significantly increased cholesterol levels in the in CA3
and dentate gyrus region of the cholesterol-diet group
as compared with CETPtg on a standard chow, sug-
gesting location-specific differences in cholesterol
metabolism and/or transport (Fig. 4G). Furthermore, at
a high magnification, we noticed accumulated choles-
terol deposits in brain sections only of CETPtg mice on
the cholesterol diet (Fig. 4F).

Transcriptomic profiling of enriched astrocytes by
microarray

To investigate whether the increased brain choles-
terol levels are a result of changes in the transcription
of genes that induce cholesterol synthesis, we per-
formed a microarray from enriched astrocyte mRNA
(Fig. 5). The two extreme conditions of lowest and
highest cholesterol content in the brain were chosen
(i.e., wt mice on a control diet compared with CETPtg
mice on cholesterol diet resulting in a ∼22% cholesterol
increase; Fig. 4C, G). Cells positive for the GLAST, a
specific marker of astrocytes, were enriched from
freshly dissected and dissociated whole brains using the
ACSA-2 MicroBead Kit. To verify the enrichment of
astrocytes, approximately 8 × 105 cells were stained for
the astrocyte marker, GFAP, and analyzed by flow
cytometry revealing an enrichment of more than 70%
across all samples (Fig. 5A). Using total purified mRNA
from such enriched cells, CETP expression was vali-
dated in the mRNA by qPCR (Fig. 5B). Transcripts were
analyzed on a Clariom S microarray. About 410 genes
were significantly upregulated and 814 genes signifi-
cantly downregulated at a log2 fold change threshold
level of 0.5 (Fig. 5C, D). Genes involved in cholesterol
synthesis were not regulated except for mevalonate
kinase (Mvk) and lanosterol synthase (Lss), which were
upregulated, and hydroxysteroid (17-beta) dehydroge-
nase 7 (Hsd17b7), which was downregulated (Fig. 5E).
Overall, these data imply that it is unlikely that
increased de novo cholesterol synthesis is responsible
for the elevated cholesterol levels in CETPtg mice.
comparison test. C–F: RT-qPCR of liver samples from 5-month-
old mice. Normalized expression of: C: TNFα, D: IL1β, E: TLR4,
and F: IL6 expression; n = 6–14, mean ± SEM; 2-way ANOVA,
Tukey’s multiple comparison test. G–K: Cytokine mRNA
expression in brain samples by normalized RT-qPCR: G: CETP,
H: TNFα, I: IL6, J: IL1β, and K: TLR4 expression; n = 6–10. Mean
± SEM; 2-way ANOVA, Tukey’s multiple comparison test.
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Amongst the genes with high upregulation were the
three encoding for the C1q complex, the initiating factor
of the classic complement cascade (Fig. 5C). C1q is an
important marker of neurodegeneration and may
contribute to synapse loss in Alzheimer’s disease (39, 40).
Diverse functions are attributed to C1q and interestingly
also one relating to cholesterol extraction from neurons
(25, 41). To reveal if the potential expression changes in
C1q subunit genes are relevant at the protein level, we
performed immunohistochemistry on hippocampal
sections for C1q revealing a significant increase in C1q
protein expression throughout the hippocampus of
high-cholesterol-fed CETPtgmice comparedwith wt and
CETPtg mice on a normal diet (Fig. 5F,G). Given that C1q
8 J. Lipid Res. (2022) 63(9) 100260
promotes neuronal cholesterol clearance, increased C1q
levels in CETPtg mice on high cholesterol may be a
compensatory reaction to promote excess cholesterol
clearance in the brains of these mice.

To investigate the cause of increased brain choles-
terol levels, we considered decreased cholesterol
excretion through the blood-brain barrier. Therefore,
we quantified 24S-hydroxycholesterol in the brain, a
cholesterol metabolite generated by the neuronally
expressed enzyme CYP46A1, and which can freely
diffuse over the blood-brain barrier and excrete
cholesterol from the brain at a rate of about 6 mg per
day (42, 43). We indeed observed a significant 14%
reduction of 24S-hydroxycholesterol in CETPtg mice
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versus wt on a high-cholesterol diet (Fig. 5H). Thus, we
conclude that the elevated cholesterol levels in CETPtg
brain are likely caused by cholesterol accumulation
over weeks because of defective efflux. Together,
increased C1q expression may indicate cholesterol
accumulation in neurons, and decreased 24S-hydrox-
ycholesterol formation may indicate defective clear-
ance from the brain explaining the overall high
cholesterol levels in the brains of CETPtg mice.

Furthermore, findings by the laboratory of David
Russel suggested that a consequence of cholesterol accu-
mulation could be the downregulation of de novo
cholesterol synthesis and with it the downregulation of
farnesyl and geranyl precursors, which are required for
post-translational modifications contributing to long-
term potentiation and cognitive performance (44). In
agreement with this idea, we found Rabggtb expression
significantlydownregulated, suggesting thatgeranylation
may indeed be defective in CETPtg mice on a cholesterol
diet (Fig. 5I).

DISCUSSION

CETP-mediated increase in brain cholesterol
In this study, we aimed to understand effects of

CETP on brain lipid composition and gene regulation
CETP increases brain cholesterol 9



(Fig. 6). CETPtg mice on a 1% cholesterol diet show a
lipoprotein profile in the blood that better recapitulates
the human lipoprotein profile and importantly shows a
∼22% increase in brain cholesterol levels as compared
with wt. Some CETPtg mice on the cholesterol diet
showed peripheral inflammation but no elevated
cytokine levels in total cortical mRNA, except for Il1b at
5 months of age and after a 3-month long 1% choles-
terol diet. The enhanced inflammatory response in
liver and plasma could be attributed to higher choles-
terol levels in immune cells, where it was already
demonstrated that cholesterol augments, for instance,
TLR receptor signaling, and modulates immune cells
surrounding tumors (45, 46). To uncover the effect of
CETP on gene regulation in the brain, we profiled
transcriptomic changes in mostly astrocytes of the
brains of CETPtg mice on high cholesterol compared
with wt mice on a normal diet. Here, it is important to
note that our astrocyte-enrichment strategy led to a cell
population of 70% astrocytes only, so that some of the
regulated genes may result from copurified other cells.
We then further focused on the complement factor
C1q given its role in Alzheimer’s disease, inflammation,
and cholesterol clearance (25, 39, 40). C1q is elevated in
CETPtg mice on the cholesterol diet as compared with
wt (Fig. 5C). C1q was originally viewed as the initiating
component of the classical complement pathway.
However, there is increasing evidence suggesting
various complement-independent roles for C1q in
innate and acquired immunity as well as neuronal
plasticity (41). As such, C1q mediates synapse pruning,
and it is also associated with neuroprotective effects
such as the upregulation of cholesterol metabolism
genes and decreasing cellular cholesterol content
(25, 39). Thus, the elevated C1q levels in CETPtg mice
could be a reaction to the elevated cholesterol levels
aiming to eliminate excess cholesterol from the brain.

We investigated if the increase of brain cholesterol
arises from de novo synthesis in the brain, which we
could not confirm by transcriptome analysis. The
elevated cholesterol levels may be explained by one
of the following alternative pathways. Some lipid
exchange between the brain and the blood can occur
(2, 47, 48). It is well established that beneficial dietary
w3-FAs enter the brain (49, 50). APOAI and HDL
Liver
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Fig. 6. CETP-mediated changes. Schematic representation of cha
compared with wt.
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particles in in vitro assays were described to be
capable of transporting cholesterol into the brain via
scavenger receptor-mediated transport or transcytosis
(51, 52). In addition, 24S- and 27-hydroxysterols
efficiently cross the blood-brain barrier, and poly-
morphisms in 24S-hydroxylase CYP46A1 are associ-
ated with Alzheimer’s disease (2, 42). Importantly,
about 80% of 24S-hydroxycholesterol stems from
neurons, and its efflux from the brain equals about
6 mg of cholesterol in an adult brain (42, 43). Since
we determined lower 24S-hydroxycholesterol in
CETPtg mice, decreased cholesterol efflux from the
brain likely explains the high cholesterol levels in the
brains of CETPtg mice.

While CETP shuttles cholesterol between HDL and
VLDL in the blood, those lipoprotein particles do not
exist in the brain (7). In the brain, APOE is the pre-
dominant lipoprotein, and most lipoprotein particles
are HDL like in size and decorated with APOE or APOJ
(8, 53). While a role for CETP in the brain is not clear, it
is likely that it is active as a lipid transporter. However,
the interaction partners may differ, and it is a possi-
bility that CETP is involved in cholesterol redistribution
between cells or acts as intracellular shuttle between
organelles. Furthermore, CETP may be involved in the
storage of lipids in microglia and astrocytes. In this line,
the Morton laboratory reported a role of CETP in lipid
droplet formation (54, 55). We observed cholesterol
accumulations in brain sections of CETPtg mice on
cholesterol diet (Fig. 4F); however, further analysis is
required to determine the exact nature of such accu-
mulations. Consequently, it is possible that lifetime
exposure to CETP activity in the brain may cause an
overall retention of cholesterol in the brain through
downregulation of 24S-hydroxycholesterol formation,
leading to increased C1q expression as a compensatory
mechanism (Fig. 6). It will be most interesting to reveal
if blood-derived CETP, centrally expressed CETP, or
both are responsible for the molecular changes of the
brain described herein.

In the liver of CETPtg mice, we observed an upre-
gulation of ABCA7 and TREM2 as compared with wt
mice. Mutations in both ABCA7 and TREM2 are known
to be risk factors for Alzheimer’s disease (32, 33). Two
recent publications linked ABCA7 and TREM2 to bile
CNSBBB
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acid formation in the liver (56, 57). Thus, the elevated
ABCA7 and TREM2 levels in CETPtg mice in the liver
may reflect an increase in bile acid formation. TREM2
is primarily regarded as not only an immune receptor
in the brain but also acts as a lipoprotein receptor,
particularly for APOE-containing particles (58–60). It is
therefore tempting to speculate that ABCA7 and
TREM2may also be involved in cholesterol transport or
redistribution in the brain.

To investigate neurodegenerative diseases linked to
abnormal cholesterol content in the brain such as Alz-
heimer’s, Parkinson’s, and Huntington’s disease as well
as amyotrophic lateral sclerosis (61), it will be important
to consider that all current respective mouse models
lack CETP and may thus not fully represent cholesterol
metabolic changes in the brain, which may be conse-
quently underestimated. We suggest that mouse models
expressing CETP will be a valuable tool to unravel the
molecular mechanisms between peripheral and central
cholesterol metabolism and neurodegeneration (61).

Data availability
The microarray data have been deposited at Gene

Expression Omnibus datasets, accession number
GSE111242. All other data are provided in the article.
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