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Oxysterols and cholestenoic acids are oxidised forms of cholesterol with a host of biological functions.
The possible roles of oxysterols in various neurological diseases makes the analysis of these metabolites
in the central nervous system of particular interest. Here, we report the identification and quantification
of a panel of twelve sterols in mouse cerebrospinal fluid (CSF) using liquid chromatography-mass spec-

trometry exploiting enzyme assisted derivatisation for sterol analysis technology. We found low levels of
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oxysterols and cholestenoic acids in CSF in the range of 5 pg/mL-2.6 ng/mL. As found in man, these con-
centrations are one to two orders of magnitude lower than in plasma.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Oxysterols and cholestenoic acids are formed from cholesterol
as intermediates in the synthesis of bile acids and steroid hor-
mones. Oxidation of cholesterol is catalysed by numerous sterol
hydroxylases, primarily members of the cytochrome P450 (CYP)
family of enzymes [1]. Although the presence of oxysterols in
mammalian circulation has been known for many years, recent
studies have led to a renewed interest in these metabolites as they
have been shown to possess potent biological activities. For exam-
ple, 24S,25-epoxycholesterol is a ligand to the liver X receptors
(LXRs) [2], 70,25-dihydroxcholesterol (70,25-diHC) plays a role
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in immune cell migration by binding to the Epstein-Barr virus
induced gene 2 (EBI2) [3,4], and (25R)26-hydroxycholesterol (26-
HC) has been shown to influence tumour growth by modulating
the estrogen receptor B (ERB) [5,6]. Note, here we use the system-
atic nomenclature where addition of a hydroxy group on the term-
inal carbon of the cholesterol side-chain introducing R
stereochemistry at C-25, is at C-26 giving (25R)26-hydroxycholes-
terol. The common, but systematically incorrect, name for this
molecule is 27-hydroxycholesterol [7,8].

The high level of cholesterol in the brain (approximately 2% wet
weight of brain) has stimulated research investigating altered
cholesterol metabolism as a causative factor in neurological dis-
eases. For example, oxysterol levels have been shown to be per-
turbed in neurodegenerative diseases including Alzheimer’s
disease [9] and Parkinson’s disease [10], while altered metabolism
of 25-HC has been linked to neuroinflammation in mouse models
[11]. Recently, it has been demonstrated that oxysterols promote
midbrain neurogenesis [12] while cholestenoic acids regulate the
survival of motor neurons both in vitro and in vivo [13].

Mouse models of neurological diseases are an important resource
to investigate the causes and treatments of these conditions.
Increasingly sophisticated mouse models for numerous diseases
are becoming available, as well as knockout animals with mutations
of specific enzymes involved in sterol homeostasis. To link observed
biological phenomena to the underlying molecular causes it is useful
to analyse the levels of oxysterols and cholestenoic acids in different
tissues of the mouse. Blood plasma is often used for analysis as it is
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straightforward to collect and gives a “snapshot” of oxysterol levels
throughout the body. However, the presence of the blood brain bar-
rier (BBB) raises questions of the relevance of plasma measurements
in the context of neurological diseases. Previously we have analysed
brain tissue which circumvents this problem and allows direct
analysis of metabolites that may play a role in disease [14]. While
this is a powerful approach, translation to human studies is only pos-
sible for post mortem analysis.

An alternative is to measure oxysterols in cerebrospinal fluid
(CSF). This has the advantage of relatively straightforward sample
collection in humans while representing conditions in the central
nervous system (CNS) more faithfully than blood plasma. We have
previously reported the identification and quantitation of about 25
oxysterols and cholestenoic acids in human CSF [15] and shown
that inborn errors of cholesterol metabolism affect the levels of
the metabolites present [13]. However, to the best of our knowl-
edge, there have been no reports of the oxysterol profile of mouse
CSF which makes comparisons between human diseases and
mouse models difficult.

Here, we present a robust method for the identification and quan-
tification of cholesterol metabolites in mouse CSF that opens new
possibilities for biomarker discovery and investigations into the
underlying causes of neurological diseases. We compare this data
with concentrations of oxysterols and cholestenoic acids found in
plasma to give an overview of cholesterol metabolism in mouse.

2. Experimental
2.1. Sample collection

CSF was from male (~40 g) and female (~34 g) Swiss/Webster
mice (4-6 months), sedated with an overdose of Nembutal
(150 pg/g body weight). CSF was collected from the cisterna magna
as described by Liu and Duff [16] but only a single sampling of 5-
10 pL was performed and the mouse was subsequently sacrificed.
Care was taken to avoid blood vessels when penetrating the dura
mater. Pools of 100 pL CSF for male mice and 54 pL CSF for female
mice were made. Mice were bred in the animal housing facility of
the KU Leuven, had ad libitum access to water and standard rodent
food, and were kept on a 12 h light and dark cycle. All animal
experiments were performed in accordance with the “Guidelines
for Care and Use of Experimental Animals” and fully approved by
the Research Advisory Committee (Research Ethical committee)
of the KU Leuven. Male mouse (B6, 3 months of age) plasma was
purchased from Jackson Laboratories (Maine, USA).

2.2. Analysis of oxysterols and cholestenoic acids

Oxysterols and cholestenoic acids from mouse plasma were
analysed using enzyme assisted derivatisation for sterol analysis
(EADSA) and liquid chromatography-tandem mass spectrometry
(LC-MS") by the method previously described [17]. Metabolites
from mouse CSF were analysed using a similar method, but with
the modifications described below.

2.3. Extraction of oxysterols and cholestenoic acids from mouse CSF

CSF(54-100 pL) was added to ethanol (1.05 mL, Fisher Scientific)
containing  24R/S-[25,26,26,26,27,27,27-*H]hydroxycholesterol
([?H7]24R/S-HC) (2 ng), 22R-[25,26,26,26,27,27,27-2H,]hydroxyc-
holest-4-en-3-one ([?H,]22R-HCO) (2 ng), 70,25-[26,26,26,27,27,
27-2Hg]dihydroxycholesterol  ([?Hg]70,25-diHC) (0.2 ng) and
[25,26,26,26,27,27,27->H;]cholesterol (20 ug) (all Avanti Polar
Lipids) in an ultrasound bath. After 5 min water (Fisher Scientific)
was added to give a final volume of 1.5 mL of 70% ethanol. The

mixture was centrifuged for 30 min at 17,089xg at 4 °C. To remove
cholesterol from the sample a solid phase extraction (SPE) step
was used. A 200 mg tC;g Sep-Pak cartridge (Waters) was pre-
conditioned with ethanol (4 mL) followed by 70% ethanol (6 mL)
after which the sample was loaded. The flow-through was combined
with a wash of 70% ethanol (5.5 mL) to give a 7 mL fraction contain-
ing oxysterols and cholestenoic acids. The solvent was evaporated in
a vacuum centrifuge overnight.

2.4. Enzyme assisted derivatisation of oxysterols and cholestenoic
acids

The dried sample was dissolved in propan-2-ol (50 uL, Fisher
Scientific) and 50 mM KH,PO,4 buffer (500 pL) then treated with
3 pL of cholesterol oxidase (2 mg/mL in H,0, 44 units/mg protein,
Sigma-Aldrich) and incubated for 1 h at 37 °C. The reaction was
quenched by addition of methanol (1 mL) followed by glacial acetic
acid (75 pL, VWR) and Girard P (GP, TCI Europe) reagent (75 mg).
After vortexing, the mixture was incubated at room temperature
in the dark overnight.

Excess reagent was removed by SPE using a 50 mg tC,g Sep-Pak
cartridge (Waters) preconditioned with methanol (1.5 mL, Fisher
Scientific), 10% methanol (1.5 mL) and 70% methanol (1 mL). The
sample was loaded and allowed to flow through the cartridge. To
ensure full recovery of all analytes of interest, a recycling proce-
dure was used where the eluate was diluted with an equal volume
of water and reapplied to the column. This procedure was repeated
to give a final concentration of 17% methanol. The cartridge was
then washed with 10% methanol (1.5 mL) and the analytes of inter-
est eluted with methanol (3 x 250 pL to give Fr-1, Fr-2 and Fr-3)
followed by ethanol (250 pL to give Fr-4). The solvent was evapo-
rated from combined Fr-1 and Fr-2 using a vacuum centrifuge and
the sample was re-suspended in 60% methanol (100 pL) for analy-
sis by LC-MS".

2.5. LC-MS" on the LTQ-Orbitrap

Oxysterols were separated using a RSLC nano Ultimate 3000
(Dionex) with a Hypersil Gold Cig column (1.9 pm particle size,
50 x 2.1 mm, Thermo Fisher). Mobile phase A consisted of 33.3%
methanol, 16.7% acetonitrile (Fisher Scientific), 50% water, contain-
ing 0.1% formic acid (VWR) while mobile phase B was 63.3% metha-
nol, 31.7% acetonitrile, 5% water, containing 0.1% formic acid. The
gradient started at 20% mobile phase B for 1 min before increasing
to 80% mobile phase B over 7 min. After holding for 5 min the gradi-
ent returned to 20% B over 6 s before re-equilibration for 3 min 54 s
to give a total run time of 17 min. The flow rate was 200 puL/min and
the eluent was directed to the atmospheric pressure ionisation
source of an LTQ-Orbitrap Velos (Thermo Fisher). Eighty five micro-
litre of the derivatised mouse CSF was injected and a full scan was
performed in the Orbitrap across the m/z range 400-610 at 30,000
resolution (full width at half maximum height). At the same time
the linear ion trap (LIT) monitored MS" transitions for GP tagged
oxysterols and cholestenoic acids. Initial activation gave a character-
istic [M-79]"* fragment in MS? corresponding to the loss of pyridine,
the [M-79]" ion was isolated and when activated further gave struc-
turally informative MS> spectra.

3. Results and discussion

3.1. Analysis using EADSA reveals 12 oxysterols and cholestenoic acids
in mouse CSF

We used EADSA to charge-tag sterols of interest with the GP
reagent (Fig. 1). Enzymatic oxidation of the characteristic sterol
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