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Alzheimer’s disease is a devastating neurodegenerative disease that affects more women thanmen. The pathomechanism underlying the
sex disparity, especially in the brain, is unclear.ABCA7 is one of the strongest susceptibility genes for Alzheimer’s disease. Itmediates the
transport of lipids across membranes and is associated with pathways related to amyloid-β neuropathology. However, the role of
ABCA7 in the regulation of brain lipids is largely unknown. Sex-specific differences in the pathological link between brain lipid dysre-
gulation and amyloid-β are also unknown. Here, we undertook quantitative discovery lipidomics of male and female Abca7 knockout
(n=52) and wild type (n= 35) mouse brain using sophisticated liquid chromatography/mass spectrometry. We identified 61 lipid sub-
classes in the mouse brain and found sex-specific differences in lipids that were altered withAbca7 deletion. The altered lipids belong to
cellular pathways that control cell signalling, sterol metabolism, mitochondrial function and neuroprotection. We also investigated the
relationship between lipids and amyloid-β levels in theAbca7 knockoutmice and found elevated free cholesterol only in femalemice that
was significantly correlated with amyloid-β42 levels. In male Abca7 knockout mice, the neuroprotective ganglioside GD1a levels were
elevated and inversely correlated with amyloid-β42 levels. Collectively, these results demonstrate that Abca7 deletion leads to sex-spe-
cific lipid dysregulation in the brain, providing insight into the underlying sex disparity in the aetiology of Alzheimer’s disease.
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Graphical Abstract

Introduction
Alzheimer’s disease is an overwhelming neurodegenerative
disease with the aetiology of the majority of cases is un-
known. Alzheimer’s disease impacts on brain regions
that control cognition and many physical functions.
Approximately two-thirds of people with Alzheimer’s dis-
ease are women.1 This was originally thought to be due to
women living longer than men. However, when the inci-
dence of Alzheimer’s disease is adjusted for age, the risk is
still higher in women than men.2,3 Indeed, the estimated life-
time risk for Alzheimer’s disease at age 45 is 19.5% in wo-
men and 10.3% in men, and at age 65 it is 21.1% in
women and 11.6% in men.4,5 Transcriptional data also
show that the disease burden of Alzheimer’s disease is greater
in women, even after correcting for age and pathology.6

Women carrying one or moreAPOE e4 alleles are more like-
ly to develop Alzheimer’s disease than men.7–9 Consistent
with a sex difference in APOE genotype, sex disparity is
also evident in genetic variation in other lipid metabolism
pathways [i.e. high-density lipoprotein (HDL)-mediated li-
pid transport, lipoprotein metabolism, and lipid digestion,
mobilization and transport].10 Furthermore, the clinical
symptoms of Alzheimer’s disease are more severe in women

than men,11,12 although the pathomechanisms underlying
this are poorly understood. This is despite knowledge of
clear sex differences in metabolism and brain structure.

One of the strongest susceptibility genes for Alzheimer’s
disease is the ATP-binding cassette subfamily A member 7
(ABCA7).13–15 ABCA7 specializes in transporting lipids
across cellular membranes, including cholesterol and phos-
pholipids.16 Mutations in members of the ABCA subfamily
are known to cause disorders characterized by dyslipidemia
and abnormal accumulation of lipids in cells.17 ABCA7 im-
pacts on amyloid-β neuropathology via multiple pathways,
including modulating phagocytic clearance of amyloid-β
peptides,18 and regulating amyloid precursor protein
(APP) processing to generate amyloid-β peptides.19 A study
from the Alzheimer’s disease neuroimaging initiative
showed that ABCA7 had the strongest association with
amyloid-β deposition, even stronger than APOE, and that
the association was significant in the early stages of the dis-
ease, suggesting ABCA7 is associated with rapid amyloid-β
accumulation.20

Little is known about the association or impact of ABCA7
in relation to sex. In one genetic association study, the single-
nucleotide polymorphism (SNP) rs3764650 in the ABCA7
gene was significantly associated with cognitive decline
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only in females.21 In another study, 15 SNPs within 500 base
pairs upstream or downstream of the ABCA7 gene were
linked to Alzheimer’s disease risk in a sex-specific manner
with 10 SNPs protective only in females.22 These observa-
tions are further supported by animal studies showing that
deletion of Abca7 caused decreases in total serum and
HDL cholesterol only in female mice.23 Moreover, deletion
of Abca7 caused decreases in performance in a spatial refer-
ence memory test only in female mice.24 Thus, it appears
that loss of function of ABCA7 has a sex-specific impact
on certain physiological and/or cognitive functions.

Despite the importance of lipid dysregulation in
Alzheimer’s disease pathogenesis and the fact that ABCA7
is a lipid transporter and is strongly associated with
Alzheimer’s disease, the role of ABCA7 in the regulation of
brain lipids is largely unknown. Moreover, any sex-specific
differences in the pathological link between brain lipid dysre-
gulation and amyloid-β are also unknown. In this study, we
undertook quantitative discovery lipidomics to identify li-
pids that are altered in the brains of Abca7 knockout (KO)
mice, both male and female mice side-by-side. Here, we
show that Abca7 deletion leads to sex-specific lipid dysregu-
lation in the brain, providing insight into the pathomechan-
ism underlying the sex differences in the aetiology of
Alzheimer’s disease.

Materials and methods
Animals
Abca7 KO (Abca7–/–) mice were generated by Kim et al.23

They were established on the C57BL/6J background and
backcrossed 19 generations. Abca7–/– mice are homozygous
for the transgene and the genotype was confirmed by
Southern hybridization and polymerase chain reaction
(PCR).23 Age-matched (�5 months) wild type (WT)
C57BL/6J mice were used as non-transgenic controls. Mice
were kept in polysulfone cages (2–4 mice/cage) under a
12:12 h light:dark schedule with food and water available
ad libitum. Each cage provided the same environment and
featured a polycarbonate igloo and nesting material.
Research and animal care procedures were approved by
the University of New South Wales Animal Care and
Ethics Committee in accordance with the Australian Code
of Practice for the Care and Use of Animals for Scientific
Purposes.

Brain tissue processing
Mice were fasted overnight and on the following morning
they were injected (i.p.) with a lethal dose of pentobarbitone
sodium (0.24 mg/g body weight) and perfused through the
left ventricle with phosphate buffered saline (PBS). Brain tis-
sues were collected, and snap frozen in liquid nitrogen, and
kept at−80°C for RNA and protein analyses. For histologic-
al analysis, mice were perfused with PBS and then 4%

paraformaldehyde. Brains were fixed in 4% paraformalde-
hyde overnight and then cryoprotected in 30% sucrose prior
to sectioning.

Histology
The fixed brain tissues were embedded in paraffin as de-
scribed previously.25 The 5 μm sections were prepared and
stained with haematoxylin and eosin (H&E). Five represen-
tative photos of each section were taken at 20× magnifica-
tion with an Axioskop microscope (Zeiss Germany) using
an AxioCAM Mrc camera. The images were stored in un-
compressed 24-bit colour TIFF format and analyzed using
Image J based Adiposoft software as described previously.26

In situ hybridization
Briefly, paraffin-embedded slideswere prepared from the 4%
paraformaldehyde-fixed tissues. They were then hybridized
with Abca7 sense and antisense riboprobes that were
generated using digoxigenin-labelled UTP. Hybridization
was performed at 65°C for 6 h, and the slides were washed
in 0.1× saline sodium citrate at 75°C for 6 min. The hybri-
dized probe was detected with biotinylated anti-digoxigenin
antibody, streptavidin-alkaline phosphatase conjugate and
the substrate nitro blue tetrazolium/5-bromo-4-
chloro-3-indolyl phosphate. The slides were counterstained
with nuclear Fast Red.

Lipid extraction and liquid
chromatography/mass spectrometry
Lipid extraction and liquid chromatography/mass spectrom-
etry were carried out following our previously published
methods.27–29 Relative abundance of lipids was obtained
from peak areas normalized to internal standards and data
were analyzed using LipidSearch software 4.1.16.

Thin-layer chromatography
Firstly, lipid concentrations were determined using the
Sulfo-Phospho-Vanillin method, as previously described.30

Briefly, 10 µl of lipid extracts were loaded into a microplate
and the solvent removed by evaporation at 90°C.
Concentrated sulphuric acid (100 µl) was added and incu-
bated for 20 min at 90°C. The plate was rapidly cooled to
room temperature and background absorbance measured
at 540 nm. Fifty microliters of vanillin-phosphoric reagent
[20% (w/v) vanillin in 17% (v/v) phosphoric acid] was
added, the colour developed for 10 min and absorbance
measured at 540 nm. Total lipid was calculated based on
a standard curve generated using fish oil (Blackmores).
The lipids were then separated using thin-layer chromatog-
raphy (TLC). Briefly, volumes of extracted lipids equivalent
to 7.5 µg were spotted onto TLC plates (Silca gel 60,
Merck). The plates were developed in two stages; firstly, in
chloroform/methanol/water (40:10:1) to 5 cm, then by
n-hexane/diethyl ether/acetic acid (65:35:1) to the top of
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the plates. Lipids were visualized by misting the plate with
5% (w/v) CuSO4 in 15% (w/v) H3PO4 and heating for
10 min at 180°C. Band intensities were determined using
BioRad Image Lab.

Protein extraction
Tris-buffered saline (TBS) and sodium dodecyl sulfate
(SDS)-soluble proteins were serially extracted from 100mg
of fresh-frozen brain tissues, as previously described.31

Briefly, tissues were homogenized in 10 volumes of TBS
homogenization buffer (20 mM Tris, 150 mM NaCl, pH
7.4, 5 mMEDTA, 0.02% sodium azide) containing protease
inhibitor cocktail (Roche) using Qiagen TissueLyser (3×
30 s, 30 Hz cycles), followed by centrifugation at 100
000 g for 1 h at 4°C, with supernatant collected as
TBS-soluble fraction. The pellet was resuspended in SDS
solubilization buffer (TBS homogenization buffer containing
5% SDS) using 3×30 s, 30 Hz cycles with TissueLyser, and
centrifuged at 100000 g for 30min at 25°C, with super-
natant collected as SDS-soluble fraction. Total proteins
were extracted from 50 mg of mouse brain tissues with
250 µl of ice-cold hypotonic buffer [250 mM sucrose,
10 mMHEPES (pH 7.4), 1 mM EDTA] containing protease
inhibitor cocktail (Roche). Tissues were homogenized using
Qiagen TissueLyser (30 Hz, 3× 30 s cycles), centrifuged at
800 g for 10 min at 4°C to remove cell debris. The superna-
tants were transferred to new tubes and stored at −80°C.
Protein concentration was measured using a bicinchoninic
acid assay (Pierce BCA Protein Assay Kit) following theman-
ufacturer’s instructions.

Free cholesterol assay
Free cholesterol (FC) was measured using Cholesterol
Quantitation Kit (MAK043, Sigma-Aldrich) following the
manufacturer’s instructions.

Western blotting and ELISA
Protein extracts (10 µg) were heated with sample buffer
(3.2% SDS, 32% glycerol, 0.16% bromophenol blue,
100 mM Tris–HCl, pH 6.8, 8% 2-mercaptoethanol). They
were then electrophoresed on Criterion Stain-free 4–20%
SDS–PAGE gels (Bio-Rad) and transferred onto nitrocellu-
lose membranes at 100 V for 30 min. The membranes were
blocked with TBS containing 5% nonfat dry milk and
probed overnight at 4°C with the following antibodies:
Amyloid Precursor Protein (Sigma-Aldrich, A8717,
1:1000), Presenilin 1 (Santa Cruz, sc-365450, 1:1000) and
β-actin (Abcam, ab6276, 1:10 000). They were then washed
three times in TBS containing 0.1%Tween 20 and incubated
with horseradish peroxidase-conjugated secondary anti-
bodies for 2 h at room temperature. Signals were detected
using enhanced chemiluminescence and Gel Doc System
(Bio-Rad). The signal intensity was quantified using Image
Lab (Bio-Rad) and NIH ImageJ software (v1.45s). ELISA
of amyloid-β40 (KMB3481, Thermo Fisher Scientific

Australia) and amyloid-β42 (KMB3441, Thermo Fisher
Scientific Australia) were carried out following the manufac-
turer’s protocol.

RNAextraction and quantitative PCR
RNA was isolated using TRIzol reagent (Invitrogen) follow-
ing the manufacturer’s protocol. All procedures were carried
out using RNase-free reagents and consumables. One micro-
gram of RNA was reverse transcribed into cDNA using
Moloney-murine leukaemia virus reverse transcriptase and
random primers (Promega, Madison, WI, USA) in 20 μl reac-
tion volume. Quantitative PCR (qPCR) assays were carried
out using a CFX Connect Real-Time PCR System (BioRad,
Australia) and the fluorescent dye SYBR Green (Bio-Rad),
following the manufacturer’s protocol. Briefly, each reac-
tion (20 μl) contained 1× mastermix, 5 pmoles of primers
and 1 μl of cDNA template. Amplification was carried out
with 40 cycles of 94°C for 15 s and 60°C for 1 min. Gene
expression was normalized to the geometric mean of three
housekeeper genes, GAPDH, β-actin and 18S. A no-
template control was included for each PCR amplification
assay. The level of expression for each gene was calculated
using the comparative threshold cycle (Ct) value method
using the formula 2−ΔΔCt (where ΔΔCt=ΔCt sample−
ΔCt reference).

Statistical analysis
Statistical analyses were performed using SPSS Statistics soft-
ware (IBM, Chicago, IL, USA). Multivariate analyses (gen-
eral linear model) were used to determine differences in
lipid and protein levels in Abca7 KO and WT mice with
post hoc statistical significance set atP, 0.05. Pearson’s cor-
relations were used to determine if changes in measurements
were associated with each other with statistical significance
set at P, 0.05.

Data availability
Lipidomics raw data were generated at the Bioanalytical
Mass Spectrometry Facility, University of New South
Wales. Derived data supporting the findings of this study
are available from the corresponding author, upon reason-
able request.

Results
Sex-specific differences in the impact
of Abca7 deletion on brain lipids
Firstly, we verified the strong expression of Abca7 in the
mouse brain (Fig. 1A). Of the 12 Abca subfamily mem-
bers, Abca7 is expressed the strongest in the brain
(Fig. 1B). We also verified the deletion of Abca7 in the
Abca7 KO mice by PCR (Fig. 1C; Supplementary Fig. 1)
and western blotting (Fig. 1D; Supplementary Fig. 2).
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These Abca7 KO mice were generated from 19 back-
crosses (i.e. 6 years of breeding) that absolutely minimizes
heterologous genetic background. Histological analyses of
the brain showed no overt difference between the KO and
WT mice, and no formation of amyloid-β plaques in the
KO mice (Fig. 1E) as expected since these are native
mice that express only the endogenous mouse amyloid-β
(not human amyloid-β transgenics).

We then carried out quantitative discovery lipidomics
using mass spectrometry on the brain of Abca7 KO mice
(n= 52) andWT littermates (n= 35). These are large cohorts
in the context of animal studies that would allow uncovering
subtle yet significant changes not possible with small co-
horts. We identified 61 lipid subclasses in the mouse brain
(Supplementary Table 1). The abundance of each lipid

subclass was compared between the KO and WT animals
for both sexes and those that were significantly altered are
highlighted (Supplementary Table 1). In the male compari-
son, 11 lipid subclasses were significantly altered—acylhex-
osyl cholesterol ester (AcHexChE), acylhexosyl
campesterol ester (AcHexCmE), cardiolipin (CL), campes-
terol ester (CmE), ganglioside disialo tetrahexosyl ceramide
(GD1a), hexosyl sphingosine (Hex1SPH), lyso phosphati-
dic acid (LPA), lyso phosphatidylethanol (LPEt), lyso phos-
phatidylglycerol (LPG), phosphatidylinositol triphosphate
(PIP3) and zymosterol ester (ZyE). Whereas, in the female
comparison, only five lipid subclasses were significantly
altered—ganglioside monosialo tetrahexosyl ceramide
(GM1), LPA, lyso sphingomyelin (LSM), mono-lyso cardi-
olipin (MLCL) and triglyceride. The only lipid subclass that

Figure 1 Expression of Abca7 in the mouse brain. (A) In situ hybridization of Abca7 mRNA with digoxigenin-labelled antisense and sense
probes and counterstained with nuclear Fast Red. (B) mRNA expression (Arbitrary Unit) of members of the Abca gene subfamily in the mouse
brain (20 mg)— Abca1: 1.45, Abca2: 5.96, Abca3: 1.89, Abca4: 0.1, Abca5: 0.76, Abca6: 0.07, Abca7: 10.69, Abca8a: 0.22, Abca8b: 1.13, Abca9: 0.1,
Abca12: 0.007, Abca13: 0.01. (C) Multiplex PCR genotyping of Abca7 knock mouse with neomycin replacing Abca7 exons 20 and 21. (D) Western
blotting of Abca7 protein in the mouse brain. (E) Histology of the hippocampus of wild type and Abca7 knock mouse stained with 4′,6-diamidino-2-
phenylindole.

Sex-specific brain lipid dysregulation BRAIN COMMUNICATIONS 2022: Page 5 of 16 | 5

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac120#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac120#supplementary-data


was significantly altered in both sexes was LPA. These li-
pids belong to cellular pathways that control cell signalling,
sterol metabolism, mitochondrial function and neuropro-
tection (Fig. 2). All four pathways were affected in the
male KO mice, whereas only three pathways (cell signal-
ling, mitochondrial function and neuroprotection) were af-
fected in the female KO mice.

Analysis of App expression and
processing in the Abca7 KO mouse
brain
In order to determine the relationship between lipid dysregu-
lation and neuropathology, we carried out an analysis of
amyloid precursor protein (App) expression and processing

Figure 2 The lipids that were altered in the Abca7 knockoutmouse brain and affected cellular pathways. Sixty-one lipid subclasses
were identified in the mouse brain and those that were altered in the male and female Abca7 KO mice are shown. Up arrow indicates increased
levels in the KO compared withWTmice. Down arrow indicates decreased levels in the KO compared withWTmice. Brown text indicates lipids
altered in the cell signalling pathway. Blue text indicates lipids altered in sterol metabolism pathway. Green text indicates lipids altered in
mitochondrial function pathway. Purple text indicates lipids altered in the neuroprotection pathway.
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in the same brain tissue samples. Our Abca7 KO mice ex-
press only the endogenous mouse App gene and produce
only mouse amyloid-β at physiological levels. In contrast,
most other mouse models, if not all, used in AD studies are
transgenics that overexpress exogenous human mutant
APP and produce extremely high levels of human
amyloid-β in relatively young mice. Firstly, we measured
App mRNA and protein expression by qPCR and western
blotting. Both mRNA (Fig. 3A) and protein (Fig. 3B and C;
Supplementary Figs. 3 and 4) were not altered with Abca7
deletion in either sex.

Secondly, we measured amyloid-β42 and amyloid-β40 le-
vels by ELISA. Amyloid-β42 levels were decreased only in the
male KO mice (Fig. 3D), whereas amyloid-β40 levels were
decreased in both male and female KO mice, although
more significantly in the female KO mice (Fig. 3E). The pro-
portion of amyloid-β42 (to total amyloid-β) was significantly
increased only in the female KOmice (Fig. 3F). The two pep-
tides were strongly correlated with each other in both male
and female mice (Fig. 3G).

Thirdly, we assessed the expression of the key genes,
Adam10, Bace1, Psen1 and Psen2, involved in App process-
ing in the same tissue samples. Psen1 was the only gene sig-
nificantly altered, at both mRNA and protein levels, in the
male KO mice (Fig. 4A and B; Supplementary Fig. 5). No
genes were significantly altered in the female KO mice
(Fig. 4A and C; Supplementary Fig. 6).

Sex-specific differences in the effect
of Abca7 deletion on brain cholesterol
Of all brain lipids, cholesterol has been studied the most in
the context of Alzheimer’s disease with elevated levels of
cholesterol associated with an increased risk of Alzheimer’s
disease.32 Cholesterol exists in two forms—FC and choles-
terol ester (ChE). FC is a native cholesterol molecule, where-
as ChE is a cholesterolmolecule esterifiedwith a fatty acid. In
brain, the vast majority of cholesterol is in the form of FC,
indicating that FC is of a greater relevance to brain function.
Wemeasured ChE as a part of the LC/MS lipidomics analysis
and found that it was not altered with Abca7 deletion in ei-
ther sex (Supplementary Table 1). We then measured FC, in
the same tissue samples, using a standard enzymatic essay
(since un-esterified lipids cannot be measured by the LC/
MS protocol). We found that FC levels were significantly in-
creased only in the female KO mice (Fig. 5A). These results
were verified with an alternative method of TLC (Fig. 5B;
Supplementary Figs. 7 and 8). We also measured the tran-
scription of 3-hydroxy-3-methyl-glutaryl-coenzyme A re-
ductase (HMGCR), the rate-controlling enzyme in
cholesterol synthesis, and found that it was upregulated
only in the male KO mice (Fig. 5C). FC correlated to both
amyloid-β42 and amyloid-β40 in male mice (Fig. 5D),
whereas it correlated to only amyloid-β42 in female mice
(Fig. 5E).

Sex-specific differences in the effect
of Abca7 deletion on brain
gangliosides
The importance of gangliosides in neuroprotection and in
Alzheimer’s disease pathogenesis is starting to be recog-
nized.33 Gangliosides are complex and unusual lipids in
that they contain sugars (i.e. glucose and galactose) and sialic
acid. They were originally identified in brain ganglion cells,
but are highly abundant in neurons, and are enriched in plas-
ma membrane lipid rafts.34 We identified three ganglioside
subclasses (GD1a, GM1 and GM2) in the mouse brain
(Supplementary Table 1) and found that GD1a was in-
creased in the male KOmice (Fig. 6A), whereas GM1was in-
creased in the female KO mice (Fig. 6B). There were also
sex-specific differences in the distribution of gangliosides
(Figs. 6A and B). Interestingly, GD1a was inversely corre-
lated with amyloid-β42 in male mice (Fig. 6C), whereas
GM2 was correlated with amyloid-β42 in female mice
(Fig. 6D).

Correlation between brain lipids and
amyloid-β42 levels
Little is known about the link, if any, between most brain li-
pids and brain amyloid-β levels. We examined those lipids
(other than cholesterol and gangliosides) that were altered
in the KO mice (Supplementary Table 1). We found that
AcHexChE, AcHexCmE, CL and LPG were significantly
correlated to brain amyloid-β42 levels in male mice
(Fig. 7A), whereas LSM was significantly correlated to brain
amyloid-β42 levels in female mice (Fig. 7B).

Discussion
Genetic variation in the ABCA7 gene is regarded as the
fourth-highest risk factor for Alzheimer’s disease. As a lipid
transporter, ABCA7 regulates the translocation of choles-
terol and phospholipids in the periphery. However, its role
in lipid regulation in the brain is poorly understood and sex-
specific differences in its cellular regulation of most lipids in
the brain are unknown. Here, we performed a global assess-
ment of brain lipids in male and female Abca7 KO mice
side-by-side. We identified 61 lipid subclasses in the mouse
brain with Abca7 deletion altering the levels of 11 in males
compared with 5 in females. LPA is the only lipid subclass
that was altered in the brains of both sexes. Correlations be-
tween brain amyloid-β and lipid levels also differed between
male and female mice. Taken together, these results provide
new knowledge on the brain lipids trafficked through the
ABCA7 transporter and the potential basis for the sex-
specific differences in the aetiology of Alzheimer’s disease.

Cholesterol has been implicated in Alzheimer’s disease
pathogenesis in multiple pathways with elevated levels of
cholesterol in the brain strongly associated with an increased
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Figure 3Analysis of App expression in the Abca7KOmouse brain. (A) AppmRNA expression in male Abca7KO (n= 8) versusWT (n= 7)
and female Abca7 KO (n= 6) versus WT (n= 5), t-test, not significant. Each data point represents one animal. (B) App protein expression in
male Abca7 KO (n= 10) compared with male WT (n= 10) mice and optical density (OD) measurement of the protein bands normalized to
β-actin; t-test, not significant. Each data point represents one animal. (C) App protein expression in female Abca7 KO (n= 10) compared with
femaleWT (n= 10) mice and ODmeasurement of the protein bands normalized to β-actin; t-test, not significant. Each data point represents one
animal. (D) Amyloid-β42 levels in male Abca7 KO (n= 31) versus WT (n= 11) and female Abca7 KO (n= 21) versus WT (n= 24); t-test, **P,
0.005 t= 3.024. Each data point represents one animal. (E) Amyloid-β40 levels in male Abca7 KO (n= 31) versus WT (n= 11) and female Abca7
KO (n= 21) versus WT (n= 24); t-test, *P, 0.05 t= 2.117, ***P, 0.0005, t= 3.665. Each data point represents one animal. (F) Proportion of
amyloid-β42 (grey sector) to total amyloid-β in male Abca7 KO (n= 31) versus WT (n= 11) and female Abca7 KO (n= 21) versus WT (n= 24);
t-test, *P, 0.05 t= 2.230. Each data point represents one animal. (G) Correlation of amyloid-β42 and amyloid-β40 in male (n= 42) and female
(n= 45) mouse brain.
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Figure 4 Analysis of App processing genes in the Abca7 KOmouse brain. (A) mRNA expression of Adam10, Bace1, Psen1 and Psen2 in
male Abca7 KO (n= 10 or 31) versus WT (n= 10 or 11) and female Abca7 KO (n= 10 or 21) versus WT (n= 10 or 24); t-test, **P, 0.005 t=
3.089. (B) Protein expression of Psen1 in male Abca7 KO (n= 10) versus WT (n= 9) mice and optical density (OD) measurement of the protein
bands normalized to β-actin; t-test, *P, 0.05 t= 2.148. (C) Protein expression of Psen1 in female Abca7 KO (n= 9) versus WT (n= 9) mice and
OD measurement of the protein bands normalized to β-actin; t-test, not significant.
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Figure 5 Sex-specific impact of Abca7 deletion on brain cholesterol. (A) FC levels, as measured by enzymatic assay, in male Abca7 KO
(n= 21) versusWT (n= 11) and female Abca7 KO (n= 21) versusWT (n= 11); t-test, *P, 0.05 t= 2.189. Each data point represents one animal.
(B) FC levels, as measured by TLC, in male Abca7 KO (n= 10) versus WT (n= 9) and female Abca7 KO (n= 10) versus WT (n= 9) and optical
density (OD) measurement of the FC staining; t-test, **P, 0.005 t= 3.256. Each data point represents one animal. (C) Transcription of
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR) mRNA in male Abca7 KO (n= 31) versusWT (n= 11) and female Abca7 KO (n=
21) versusWT (n= 24); t-test, *P, 0.05 t= 2.014. Each data point represents one animal. (D) Correlation of FC and amyloid-β42 in male (n= 30)
and female (n= 31) mouse brain. (E) Correlation of FC and amyloid-β40 in male (n= 31) and female (n= 32) mouse brain.
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risk of Alzheimer’s disease.32,35–37 In the present study, FC
levels in the brain correlated with amyloid-β42 levels, with
the FC levels elevated only in the brains of female and not
male Abca7 KO mice. In a feedback response to a high level
of FC, HMGCR transcription would be reduced or main-
tained. Consistent with this, HMGCR transcription re-
mained unchanged in the female mice. This suggests that
pathophysiological changes associated with cholesterol are
more severe in females compared with males. There were
also sex-specific differences in other sterols. AcHexChE
and ZyE, derivatives of cholesterol, and CmE and

AcHexCmE, derivatives of campesterol (a plant sterol),
were elevated only in male KOmice. It is unclear at this stage
why these sterols are altered only in the male mice. We can
only speculate that the levels of these sterols are somehow
regulated by sex hormones (see below) or are altered as a re-
sult of some physiological or metabolic traits predominant in
males. Brain AcHexChE levels correlated with the levels of
amyloid-β42, whereas brain AcHexCmE levels inversely cor-
related with amyloid-β42 levels. Campesterol is believed to
compete with cholesterol in the cholesterol absorption pro-
cess,38 suggesting that exogenous (dietary) sterols can

Figure 6 Sex-specific impact of Abca7 deletion on brain gangliosides. (A) A comparison of gangliosides in male Abca7KO (n= 31) versus
WT (n= 11) mice and distribution of gangliosides; t-test, *P, 0.05 t= 2.104. Each data point represents one animal. (B) A comparison of
gangliosides in female Abca7 KO (n= 21) versus WT (n= 24) mice and distribution of gangliosides; t-test, *P, 0.05 t= 2.609. Each data point
represents one animal. (C) Correlation between gangliosides and amyloid-β42 in male (n= 39) mice. (D) Correlation between gangliosides and
amyloid-β42 in female (n= 44) mice.
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influence brain amyloid-β42 levels. The mice in our study
were on the standard chow diet, which contains seeds and
beans high in plant phytosterols. Another factor that needs
to be taken into consideration is the body weight difference
between male and female mice, with male mice being heav-
ier, which may influence lipid metabolism. On this note, it
will be important in future studies to compare lipid profiles
of the brain with that of the periphery.

Another group of lipids important for neuronal and glial
function are the gangliosides with ganglioside levels

indicative of the structural integrity of neuronal and glial
membranes.39 Gangliosides are complex-structured lipids
enriched in cell membranes40 with GD1a one of the major
gangliosides present in the brain.41 GD1a acts as a ligand
for myelin-associated glycoprotein, inhibiting nerve regener-
ation.42–44 Previous studies show that GD1a levels corre-
lated strongly with amyloid-β in Alzheimer’s disease mouse
and cell models, and we found that brain GD1a levels in-
versely correlated with amyloid-β42, but only in male
mice. Interestingly, brain GD1a levels were shown to be

Figure 7 Other lipids that significantly correlated with amyloid-β42 in (A) male (n= 39) and (B) female (n= 44) mice.
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decreased in the substantia nigra of only male patients with
Parkinson’s disease.45

Lysophospholipids (LPA, LPEt, LPG) are another group
of lipids significantly altered in the Abca7 KO mice.
Lysophospholipids are derived from phospholipids, in which
one of their two fatty acid chains is removed by hydrolysis.
They are functionally different to phospholipids.
Lysophospholipids are signalling molecules, whereas phos-
pholipids serve as building blocks in cell membranes.
Lysophospholipids typically bind to protein targets, such
as receptors, kinases or phosphatases, which in turn activate
specific cellular responses in a broad range of biological pro-
cesses. LPA is such a signalling molecule that binds to
G-protein coupled receptors on membranes that are distrib-
uted throughout the brain.46 Activation of LPA receptors in-
itiates a number of cellular and developmental processes,
such as survival, migration, adhesion, proliferation, differen-
tiation, and myelination in neurons and oligodendrocytes in
several regions of the brain, including the hippocampus and
frontal cortex.47–49 The main LPA receptor is LPA1 and
studies of Lpa1-null mice have shown a number of
physiological and behavioural abnormalities relating to the
hippocampus. These include reduction in hippocampal neuro-
genesis and neuronalmaturation and survival,50 resulting in re-
duction in volume and neuronal density in the granular zone of
the hippocampus.51 In terms of behaviour, Lpa1-null mice
have profound cognitive deficits. Lpa1-null mice display im-
paired spatial memory, episodic-like memory tasks and con-
textual fear memory, as well altered exploration and
increased anxiety-like behaviour.52–54 The level of LPA in the
brain was increased in the Abca7 KO mice in both sexes, pos-
sibly to compensate for the other detrimental lipid changes fol-
lowing Abca7 deletion. Administration of LPA has been
trialled in rodents to regulate LPA receptorswithmoderate suc-
cess. In one study, infusion of LPA(18:1) into the hippocampus
improved spatial memory consolidation.55

LPEt is derived from phosphatidylethanol, which is a
phospholipid formed from ethanol. Phosphatidylethanol is
thought to accumulate in the brain and contribute to alcohol
intoxication.56 However, very little is known about the func-
tion of LPEt. It is similar in structure as phosphatidic acid
and phosphatidylinositol 4,5-bisphosphate, suggesting a
possible role as a signalling molecule. Also, very little is
known about LPG in brain function. Unrelated to brain
function, LPG was shown to induce chemotactic migration
in endothelial cells57 and stimulate ERK and Akt signalling
pathways in human ovarian cancer cells.58

Apart from lysophospholipids, three other signalling li-
pids (LSM, PIP3, Hex1SPH) were altered in the Abca7 KO
mice. LSM has a similar structure to sphingosine-1-
phosphate (S1P) and can bind, at low affinity, to S1P recep-
tors. It is involved in diverse biological processes in various
cells and tissues, including inhibition of cell growth and
cell proliferation.59 It also acts as an inhibitor of calmodulin,
a highly prevalent intracellular calcium sensor.60 PIP3 is a
potent signalling molecule that is important in anabolic sig-
nalling pathways required for cell growth and survival.61 It

plays a role in hippocampal synaptic plasticity, maintenance
of long-term potentiation and memory consolidation.62,63

Hex1SPH levels are altered in the brains of Gaucher disease,
supposedly disrupting membrane raft structure and impair-
ing cell signalling.64

CL is located in the innermitochondrialmembrane and is a
key player in enzymatic processes that drive mitochondrial
energy production.65 It is a gauge for mitochondrial integrity
or energy output.27MLCL is a derivative of CL, and has been
extensively studied in the context of Barth syndrome. InBarth
syndrome, MLCL levels are increased in the mitochondria,
almost exclusively in males.66 In our study, MLCL levels
were decreased only in the brains of female Abca7 KOmice.

To understand the sex-specific differences in Alzheimer’s
disease, much of the research focus has been on sex hor-
mones, particularly oestrogen. In women, events that de-
crease lifetime exposure to oestrogen are associated with
higher Alzheimer’s disease risk, whereas in men oestrogen
does not exhibit age-related reduction nor is it associated
with Alzheimer’s disease risk.67 Oestrogen levels in the post-
mortem Alzheimer’s disease brain are lower compared with
control brain.68 Reduction or loss of oestrogen levels in-
creases the lifetime risk of dementia, as well as neuropathol-
ogy and associated cognitive decline.69,70 During the
menopause transition, where oestrogen levels are decreased,
there is an increased vulnerability to Alzheimer’s dis-
ease.71,72 It appears that oestrogen is an agent that protects
neurons from various molecules, including amyloid-β.73–76

The link between ABCA7 and oestrogen has not been ex-
plored in detail and the available information is very scant.
In one study, it was shown that variation in the ABCA7
gene is associated with an increased risk of Alzheimer’s dis-
ease in women with reduced levels of oestrogen at meno-
pause.77 In an animal study, it was suggested that cessation
of the oestrous cycling in female mice is a factor in the reduc-
tion in spatial reference memory performance in female
Abca7 KO mice.24 Much work is needed to understand the
exact relationship between ABCA7 and oestrogen, and sub-
sequent effects on Alzheimer’s disease pathogenesis. Given
the fact that cholesterol, which is a substrate of the ABCA7
transporter, is a precursor molecule of oestrogen,78 it is con-
ceivable that the function of ABCA7 is somehow related to
oestrogen levels via cholesterol production or regulation.
Consistent with this idea,Abca7 deletion inmouse causes de-
creases in blood cholesterol only in female mice.23 Another
aspect of oestrogen function related to Alzheimer’s disease
is leptin, a hormone that modulates Alzheimer’s disease
neuropathology, with decreases in blood leptin levels asso-
ciated with increases in Alzheimer’s disease risk.79–83

Oestrogen induces leptin production84 and the two hor-
mones are intrinsically linked to each other in synaptogenesis
in the hypothalamic regions related to energy homeostasis.85

Abca7 deletion causes reduction in circulating leptin levels
only in female mice,86 once again underscoring sex specifi-
city in the function of ABCA7.

Both amyloid-β42 and amyloid-β40 levels were decreased
in the brains of male Abca7 KO mice, whereas only
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amyloid-β40 levels were decreased in the brains of female
Abca7KOmice. The overall decrease in amyloid-β levels ob-
served in our study is in contrast to typical increases reported
inmost otherAbca7KO studies. A likely explanation for this
difference is that our mice express only the endogenous
mouse App gene and produce physiological levels of
amyloid-β and no amyloid-β plaques are formed. In contrast,
other Abca7 KO mice are transgenics that typically express
exogenous human mutant APP (e.g. APP-Swedish) and pro-
duce extremely high levels of human amyloid-β (not mouse
amyloid-β) and form amyloid-β plaques in relatively young
mice. These Abca7 KOmice with human mutant APP trans-
genes have the expected significant pathological effects of
increased amyloid-β processing. Consistent with our
results, another study reported that endogenous mouse
amyloid-β40 levels were significantly decreased in
24-week-old Abca7 KO mice (an equal mix of male and fe-
male mice) compared with WT mice, although the brain le-
vels were dependent on the age of the mice.87 At normal
physiological levels, amyloid-β is thought to be involved in
cholesterol trafficking in maintaining cholesterol homeosta-
sis.88 Therefore, the impact of Abca7 on functional path-
ways, including App processing, is likely to be different in
native mice compared with transgenic mice.

Another significant difference between ourAbca7KOmice
and others is that our mice have been backcrossed no ,19
generations that absolutely minimizes heterologous genetic
background, which is problematic for most KO mice that
have been backcrossed, typically, only few generations.
Furthermore, the vast majority of studies on Abca7 KO
mice, if not all, were based on small groups of mice usually
of only a single sex. No direct comparisons were made be-
tween male and female mice. In contrast, our study is based
on large numbers of mice, i.e. 35 WT and 52 KO mice, of
both sexes, that provide tremendous statistical power.

Lipids constitute approximately two-thirds of brain tis-
sues and are the building blocks for membranes. Much evi-
dence shows that many lipids act as signalling molecules in
numerous processes that determine the health of cells and tis-
sues. Our unbiased lipidomic study has demonstrated that
deletion of the Abca7 gene causes lipid dysregulation that
impacts on brain cellular processes associated with
Alzheimer’s disease pathology in a sex-specific manner.
Our new data provide insight into the underlying sex dispar-
ity in the aetiology of Alzheimer’s disease.
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