THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 7, pp. 46664679, February 12,2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Cerebrospinal Fluid Steroidomics: Are Bioactive Bile Acids

Present in Brain?™

Received for publication, November 19, 2009, and in revised form, December 5,2009 Published, JBC Papers in Press, December 7, 2009, DOI 10.1074/jbc.M109.086678

Michael Ogundare®’, Spyridon Theofilopoulos®>?, Andrew Lockhart’, Leslie J. Hall', Ernest Arenas®?, Jan Sjovall®,
A. Gareth Brenton®, Yugin Wang*, and William J. Griffiths*

From the *Institute of Mass Spectrometry, School of Medicine, Grove Building, Swansea University, Singleton Park,
Swansea SA2 8PP, United Kingdom, the §‘Department of Medical Biochemistry and Biophysics, Karolinska Institutet,
Stockholm SE-17177, Sweden, YTranslational Medicine, GlaxoSmithKline R&D China, Addenbrookes Hospital,

Cambridge CB2 2GG, United Kingdom, and ”Strategic and External Alliances-Genetics, GlaxoSmithKline,

Research Triangle Park, North Carolina 27709

In this study we have profiled the free sterol content of cere-
brospinal fluid by a combination of charge tagging and liquid
chromatography-tandem mass spectrometry. Surprisingly, the
most abundant cholesterol metabolites were found to be C,, and
C,, intermediates of the bile acid biosynthetic pathways with
structures corresponding to 7a-hydroxy-3-oxocholest-4-en-
26-oic acid (7.170 *= 2.826 ng/ml, mean * S.D., six subjects),
3B-hydroxycholest-5-en-26-oic acid (0.416 *= 0.193 ng/ml),
7 a,x-dihydroxy-3-oxocholest-4-en-26-oic acid (1.330 * 0.543
ng/ml), and 7a-hydroxy-3-oxochol-4-en-24-oic acid (0.172 =
0.085 ng/ml), and the C,4 sterol 7a-hydroxy-26-norcholest-4-
ene-3,x-dione (0.204 * 0.083 ng/ml), where x is an oxygen atom
either on the CD rings or more likely on the C-17 side chain. The
ability of intermediates of the bile acid biosynthetic pathways to
activate the liver X receptors (LXRs) and the farnesoid X recep-
tor was also evaluated. The acidic cholesterol metabolites
3B-hydroxycholest-5-en-26-oic acid and 33,7 a-dihydroxycho-
lest-5-en-26-oic acid were found to activate LXR in a luciferase
assay, but the major metabolite identified in this study, i.e.
7 a-hydroxy-3-oxocholest-4-en-26-oic acid, was not an LXR
ligand. 7a-Hydroxy-3-oxocholest-4-en-26-oic acid is formed
from 3f,7 a-dihydroxycholest-5-en-26-oic acid in a reaction
catalyzed by 3B-hydroxy-A®-C,,-steroid dehydrogenase (HSD3B7),
which may thus represent a deactivation pathway of LXR ligands
in brain. Significantly, LXR activation has been found to reduce
the symptoms of Alzheimer disease (Fan, J., Donkin, J., and
Wellington C. (2009) Biofactors 35, 239 —248); thus, cholesterol
metabolites may play an important role in the etiology of Alzhei-
mer disease.
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The steroid profile of the central nervous system is of con-
siderable interest with respect to neurodegenerative disease
(1-3). This is partly because of the high levels of cholesterol
(cholest-5-en-3B-0l) in the central nervous system (4, 5), the
potential neuroprotective role of neurosteroids (6), and the
ability of some cholesterol metabolites to act as ligands to
nuclear receptors, which are themselves implicated in neuro-
degenerative disease, e.g. the liver X receptors (LXRs)® in
Alzheimer disease (7). Furthermore, brain-derived cholesterol
metabolites represent biomarkers for cerebral cholesterol
homeostasis, which is deranged in certain neurodegenerative
disease, and thus their measurement in body fluids offers a
marker for the progression of such disorders (8). In this regard,
urine and blood represent the most accessible body fluids (9,
10), but their composition is highly dependent on the activity of
other organs. Alternatively, cerebrospinal fluid (CSF), although
being less readily accessible, bathes the central nervous system,
and its content is more likely to reflect cholesterol metabolism
in brain itself. With this in mind, we have set to profile the sterol
content of human CSF.

The levels of sterols in CSF are comparatively low; even cho-
lesterol is present at a level of only 4-5 pg/ml (¢f. 2 mg/ml in
plasma) (11, 12), whereas the brain-derived oxysterol 24(S)-
hydroxycholesterol (cholest-5-ene-33,24(S)-diol, C>-33,24(S)-
diol) is present at a level of only about 1.5 ng/ml (¢f 40—-60
ng/ml in plasma) (supplemental Table S1) (11-14). These val-
ues were determined by gas chromatography-mass spectrome-
try following hydrolysis of sterol fatty acid esters and derivat-
ization, and thus represent the free plus fatty acid ester sterols
as opposed to the levels of free unconjugated sterols, which are
likely to be about an order of magnitude lower and are the likely
bioactive forms. It should be noted that sulfated and glucuron-
idase oxysterols have also been found in plasma (15, 16) and
that there is the possibility that sulfated sterols also have bio-
logical activity (17). 24(S)-Hydroxycholesterol is a net export

¢ The abbreviations used are: LXR, liver X receptor; CSF, cerebrospinal fluid;
CYP, cytochrome P450; FXR, farnesoid X receptor; GP, Girard P; HSD,
hydroxysteroid dehydrogenase; IS, internal standard; LC-MS, liquid chro-
matography-mass spectrometry; LIT, linear ion trap; MRM, multiple reac-
tion monitoring; MS”, mass spectrometry with multiple fragmentation;
NURR1, nuclear receptor related 1; RIC, reconstructed ion chromatogram;
RXR, retinoid X receptor; SPE, solid phase extraction; HPLC, high pressure
liquid chromatography.
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product from the central nervous system (18) and is ultimately
transported to the liver where it is metabolized into bile acids
(19, 20). On the other hand, 27-hydroxycholesterol (cholest-5-
ene-3,26-diol, C>-33,26-diol) is a net import product to the
central nervous system (21), and recent data suggest that it is
metabolized in brain to 7a-hydroxy-3-oxocholest-4-en-26-oic
acid (CA*-7a-ol-3-one) (22). This acid is an intermediate in the
acidic bile acid biosynthetic pathway (19) and can be formed
extrahepatically (23), and its formation in brain arouses interest
in other bile acid precursors and bile acids formed in brain.
In 1997, Zhang et al. (24) showed that rat brain cells could
metabolize 27-hydroxycholesterol to 7a-hydroxy-3-oxo-
cholest-4-en-26-oic acid via 33-hydroxycholest-5-en-26-oic
acid (CA®-3B-ol) and 3B,7a-dihydroxycholest-5-en-26-oic
acid (CA®-3B,7a-diol), and Mano et al. (25) demonstrated
the conversion of 38-hydroxychol-5-en-24-oic acid (BA®-33-ol)
to chenodeoxycholic acid (3¢,7a-dihydroxy-5B-cholan-24-oic
acid, 5B8-BA-3a,7a-diol) via 3B,7a-dihydroxychol-5-en-24-
oic acid (BA®-3,7a-diol) and 7a-hydroxy-3-oxochol-4-en-24-
oic acid (BA*-7a-o0l-3-one) in rat brain tissue. Mano et al. (26)
also demonstrated the presence of chenodeoxycholic acid,
deoxycholic acid (3a,12a-dihydroxy-53-cholan-24-oic acid,
5B-BA-3a,12a-diol), and cholic acid (3a,7,12a-trihydroxy-
5B-cholan-24-oic acid, 58-BA-3a,7a,12a-triol) in rat brain, the
chenodeoxycholic acid level being about 30 times greater than
in serum. Furthermore, both C,, and C,, bile acids have been
identified in human brain (27). Despite their presence in brain
and blood (28), there are few reports of the presence of bile
acids and their precursors in CSF of healthy individuals,
although 7a-hydroxy-3-oxocholest-4-en-26-oic acid has been
found in the CSF of individuals who underwent surgery for
aneurysmal subarachnoid hemorrhage (29). The same group
also identified high concentrations of this acid in chronic sub-
dural hematoma (30).

Sterols and bile acids have tradi-
tionally been analyzed by gas chro-
matography-mass  spectrometry;
OoH however, liquid chromatography
(LC)-MS and LC-tandem mass
spectrometry (tandem mass spec-
trometry or MS”) offers an attrac-
tive alternative (31). In this study,
we have chosen to focus our atten-
tion on cholesterol metabolites,

0 which are intermediates in the bile
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SCHEME 2. Charge tagging of sterols and bile acids as exemplified by 3 -hydroxycholest-5-en-26-oic
acid.
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electrospray ionization, we have
utilized a charge-tagging approach
where analyte molecules are spe-
cifically tagged with a charged
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group to enhance their mass spectrometric detection (10,
32-38). We have selected the Girard P derivative that effec-
tively tags a positively charged quaternary nitrogen group to
the steroid skeleton.

The finding of bile acids and their precursors in human brain
raises the question as to their biological function. They could
simply be transport forms of cholesterol, or alternatively, they
may be biologically active molecules. For instance, 3-oxocho-
lest-4-en-26-oic acid (rechristened A*-dafachronic acid) is a
ligand for an orphan nuclear receptor (DAF12) in the nematode
Caenorhabditis elegans (39), and 3B-hydroxycholest-5-en-26-
oic acid has been shown to activate LXRa in human embryonic
kidney 293 cells (40). To clarify the question of biological func-
tion, we have tested the biological activity of a number of bile
acids identified here in CSF as ligands for the LXRs « and 3,
both of which are expressed in brain (41, 42), Nur-related factor
1 (NURR1), an orphan nuclear receptor expressed in brain (43,
44), and the farnesoid X receptor (FXR), a nuclear receptor
known to be activated by bile acids, e.g. chenodeoxycholic acid
and deoxycholic acid (45). Each of these nuclear receptors form
obligate heterodimers with the retinoid X receptor (RXR) and
regulate gene expression through binding to response elements
in the promoter regions of target genes.

EXPERIMENTAL PROCEDURES
Materials

HPLC water and HPLC grade solvents were from Fisher or
Sigma. Authentic sterols, bile acids, and their precursors were
from Avanti Polar Lipids (Alabaster, AL), Steraloids Inc. (Lon-
don, UK), Sigma, or from previous studies in our laboratories
(10, 32, 34). GP reagent (1-(carboxymethyl)pyridinium chloride
hydrazide) was from TCI Europe (Oxford, UK), and cholesterol
oxidase from Streptomyces sp. was from Sigma. Sep-Pak tC,,
200-mg cartridges were from Waters. Luer-lock syringes were
from BD Biosciences. CSF samples from nine subjects were part
of a GlaxoSmithKline study and were provided with institu-
tional review board and ethical approval.

Methods

Extraction of CSF for Analysis of Sterols—CSF (0.5 ml) was
added dropwise to 2.1 ml of 99.9% ethanol, containing 10 ul
of 24(RS)-[26,26,26,27,27,27-*H]hydroxycholesterol (Avanti
Polar Lipids) in propan-2-ol (4 ng/ul), in an ultrasonic bath.
This solution was diluted to 70% ethanol by the addition of 0.4
ml of water, ultrasonicated for 2 min, and centrifuged at
14,000 X g at 4 °C for 30 min.

A 200-mg Sep-Pak tC, ¢ cartridge (SPE1) was rinsed with 4 ml
of 99.9% ethanol followed by 6 ml of 70% ethanol. CSF in 70%
ethanol (3 ml) was applied to the cartridge and allowed to flow
at a rate of ~0.25 ml/min, and flow was aided by application of
a slight pressure from a Luer-lock syringe. The flow-through
and a column wash of 4 ml of 70% ethanol were collected (SPE1-
Fr-1, Scheme 1). By testing the method with a solution of cho-
lesterol and 25-hydroxycholesterol (cholest-5-ene-383,25-diol,
C®-33,25-diol) in 70% ethanol, cholesterol was found to be
retained on the column even after a 4-ml column wash, whereas
25-hydroxycholesterol elutes in the flow-through and column
wash. Following a further wash with 4 ml of 70% ethanol (SPE1-
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SCHEME 3. Fragmentation of GP-tagged sterols and bile acids. a, major
MS? fragmentation routes for GP-tagged sterols and bile acids exemplified by
27-hydroxycholesterol. A 3-oxo-4-ene functionality was generated by oxida-
tion of the native 3B-hydroxy-5-ene function by cholesterol oxidase prior to
treatment with GP reagent. b and ¢, structurally informative fragment ions
observed in MS? (IM]"—[M — 791" —) spectra of GP-tagged sterols exempli-
fied by 27-hydroxycholesterol following cholesterol oxidase treatment (b)
and 7a-hydroxycholesterol after similar treatment (c).

Fr-2), cholesterol was eluted from the Sep-Pak column with 2
ml of 99.9% ethanol (SPE1-Fr-3). The column can be further
stripped with an additional 2-ml aliquot of 99.9% ethanol to
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TABLE 1

Oxysterols and bile acids in CSF

The following abbreviations were used: RT, retention time/min; RRT, retention time relative to 7a-hydroxy-3-oxocholest-4-en-26-oic acid; STD, S.D.; %RA, % relative
abundance (7a-hydroxy-3-oxocholest-4-en-26-oic acid = 100%, n = 9).

Cerebrospinal Fluid Steroidomics

AFTER CHOLESTEROL OXIDASE AND GIRARD P-TAGGING ORIGINATING STRUCTURE MEAN CONCENTRATION COMMENT
Authentic

Mass Formula Sterol/Bile Acid Sterol/Bile Acid RT RRT | Standard | ng/mL | STD %RA | STD
7a-Hydroxy-3-oxochol-4-en-24-oic acid

522.3326 | C31HaNs;O4" | 3-GP 7a-Hydroxy-3-oxochol-4-en-24-oic acid 2.08 0.36 [ No 0.172 ] 0.085 | 2.242 [ 0.299 | 1,29.11
7o-Hydroxy-26-nor-cholest-4-ene-3,x- 70.-Hydroxy-26-nor-cholest-4-ene-3,x-

534.3690 | Cs3HigN;O;™ | dione 3-GP dione 4.82 0.83 [ No 0.204 0.083 | 2.854 | 0.177 [ 1.2,3.9.10,11

534.4054 | C34HsoN;0,' 24S-Hydroxycholest-4-en-3-one 3-GP Cholest-5-ene-3,24S-diol 7.42 1.24 | Yes 0.018 0.009 | 0.212 | 0.070 | 4.5.9.11

534.4054 | Cs5sHsoN;O," 25-Hydroxycholest-4-en-3-one 3-GP Cholest-5-ene-3B,25-diol 7.57 1.27 | Yes 0.030 0.010 | 0.414 | 0.141 | 4,59.11

534.4054 | Cs4HsaN;O," 26-Hydroxycholest-4-en-3-one 3-GP Cholest-5-ene-3,26-diol 7.95 1.32 | Yes 0.029 0.012 | 0417 | 0.101 | 4,5.9.11

534.4054 | C34HsoN;0,' 7B-Hydroxycholest-4-en-3-one 3-GP Cholest-5-ene-3B.7B-diol 9.53 1.57 | Yes 0.009 0.005 | 0.124 | 0.064 | 4,5.9.11

534.4054 | C33Hs>N;O," | 7-Oxocholest-5-en-3B-o0l 3-GP 7-Oxocholest-5-en-3B-ol 9.69 1.59 | Yes 0.034 ] 0.017 | 0.510 [ 0.213 [ 1,49.11

534.4054 | CssHsaN;O," 7a-Hydroxycholest-4-en-3-one 3-GP Cholest-5-ene-3B,70-diol 10.05 1.65 | Yes 0.020 0.023 | 0.176 | 0.142 | 4,5.9.11

Cholest-4-ene-3p,6-diol or Cholest-5-ene-

534.4054 | Cs3HsoN;O," 6-Hydroxycholest-4-en-3-one 3-GP 3B.6-diol 10.38 1.71 | No 0.026 0.018 | 0.793 | 0.758 | 1,2,6,9,11
x,y-Dihydroxy-3-oxo-5c-cholan-24-oic

540.3432 | C3HaN;Os acid 3-GP 3B.x.y-Trihydroxy-5o.-cholan-24-oic acid 1.79 0.32 | No 0.833 0.312 12.53 | 6.694 [ 1.29.11

546.3690 | C3iHisN;O;5" 3-Oxocholesta-4,6-dien-26-oic acid 3-GP | 3-Oxocholesta-4,6-dien-26-oic acid 725 1.21 | No 1.799 0.666 | 23.36 | 16.81 | 1,2,7.9.11

548.3847 | Cs4HsoN3Os' | 3-Oxocholest-4-en-26-oic acid 3-GP 3B-Hydroxycholest-5-en-26-oic acid 7.63 1.27 | Yes 0.416 ] 0.193 | 5.183 [ 1.260 [ 1.4.9.11
x-Hydroxy-3-oxocholesta-4,6-dien-26-oic | x-Hydroxy-3-oxocholesta-4,6-dien-26-oic

562.3639 | CssHisN;O4 acid 3-GP acid 4.03 0.71 | No 0.453 0.204 | 6.327 | 4454 | 1.2.89.11
7B-Hydroxy-3-oxocholest-4-en-26-oic 7B-Hydroxy-3-oxocholest-4-en-26-oic

564.3796 | Cs4HsoN;Os~ | acid 3-GP acid 4.18 0.74 | Yes 0.165 | 0.155 | 1.969 [ 0918 [ 1.49.10,11
7o-Hydroxy-3-oxocholest-4-en-26-oic 7o-Hydroxy-3-oxocholest-4-en-26-oic

564.3796 | Cs4HsoN3;O4" | acid 3-GP acid 591 1.00 | Yes 7.170 2.826 100 0 1,4.9,10,11
7o-Hydroxy-3,x-bisoxocholest-4-en-26- 7a-Hydroxy-3,x-bisoxocholest-4-en-26-

578.3589 | Cs4HagN;Os+ | oic acid 3-GP oic acid 2.35 0.41 | No 0.063 | 0.013 | 0.955 [ 0.228 [ 1.2.9.11
7o.,x-Dihydroxy-3-oxocholest-4-en-26- 7o..x-Dihydroxy-3-oxocholest-4-en-26-

580.3745 | Cs4HsoN3Os oic acid 3-GP oic acid 2.67 0.48 | No 1.330 0.543 | 20.04 | 2.921 [ 1.2.9.10,11
Trihydroxy-3-oxocholest-4-en-26-oic Trihydroxy-3-oxocholest-4-en-26-oic

596.3694 | C3HsoN;Os™ | acid 3-GP acid 1.63 0.28 | No <0.01 <0.2 19.11

! Quantitative estimate was based on 24(RS)-[26,26,26,27,27,27-*Hy|hydroxycholesterol internal standard. Mean concentration was = S.D. (1 = 6).

2 Identification was based on exact mass and MS” spectra.

326-Norsterol is a likely decomposition product of a 24-0x0-26-acid. Alternatives to the oxo group x are an enol or epoxy group; all add 14 Da to the sterol structure.

*Identification was based on comparison with authentic standards.

® Quantification was based on 24(RS)-[26,26,26,27,27,27-*H¢]hydroxycholesterol internal standard. Mean concentration was = S.D. (1 = 6).

© Cholest-4-ene-3,6-diol and/or cholest-5-ene-3,6-diol are decomposition products of 5,6-epoxycholestan-34-ol and cholestane-33,5¢,63-triol.

7 3-Oxocholesta-4,6-dien-26-oic acid is a dehydration product of 7a-hydroxy-3-oxocholest-4-en-26-oic acid.

8 x-Hydroxy-3-oxocholesta-4,6-dien-26-oic acid is a likely dehydration product of 7a-x-dihydroxy-3-oxocholest-4-en-26-oic acid.

9 Retention time/min (RT) for compounds eluting in chromatograms shown in Figs. 1-4. Relative retention time (RRT, mean) was to 7a-hydroxy-3-oxocholest-4-en-

26-oic acid.
10 Resolved syn and anti conformers.
"1 %RA against 7a-hydroxy-3-oxocholest-4-en-26-oic acid (1 = 9).

elute more hydrophobic sterols (SPE1-Fr-4). Each fraction was
dried under reduced pressure using a vacuum concentrator
(ScanLaf, Denmark).

Charge Tagging of Sterols—The sterol fractions from above
were reconstituted in 100 ul of propan-2-ol, and a solution of 1
ml of 50 mm phosphate buffer (KH,PO,, pH 7) containing 3.0
wl of cholesterol oxidase (2 mg/ml in H,O, 44 units/mg of pro-
tein) was added to each. The mixture was incubated at 37 °C for
1 h and then quenched with 2 ml of methanol (Scheme 1, route
B, and Scheme 2).

Glacial acetic acid (150 ul) was added to the reaction mixture
above (now in ~70% methanol), followed by 150 mg of GP
reagent. The mixture was thoroughly vortexed and incubated at
room temperature overnight in the dark.

SPE Extraction of Charge-tagged Sterols—Even when derivat-
ized with GP reagent, sterols may be difficult to solubilize (or
retain in solution) when using a highly aqueous mixture of
methanol and water. This can make their extraction using
reversed phase-solid phase extraction (SPE) challenging. To
circumvent this problem a recycling procedure is used (10, 32).

FEBRUARY 12, 2010VOLUME 285+<NUMBER 7

A 200-mg Sep-Pak tC, 4 cartridge (SPE2) was washed with 6
ml of 100% methanol, 6 ml of 10% methanol and conditioned
with 4 ml of 70% methanol. The derivatization mixture from
above (~3 ml of 70% methanol, 5% acetic acid, 3% propanol-2-
ol, containing 150 mg of GP reagent and 6 ug of cholesterol
oxidase) was applied to the column followed by 1 ml of 70%
methanol and 1 ml of 35% methanol. The combined effluent (5
ml) was diluted with water (4 ml) to give 9 ml of ~35% metha-
nol. The resulting solution was again applied to the column
followed by a wash of 1 ml of 17% methanol. To the combined
effluent, 9 ml of water was added to give 19 ml of ~17.5% meth-
anol. This solution was again applied to the column followed by
a wash with 6 ml of 10% methanol. At this point, all the derivat-
ized sterols were extracted by the column, and excess derivat-
ization reagent was in the flow-through and wash. Derivatized
sterols were then eluted in three 1-ml portions of 100% metha-
nol (SPE2-Fr-1, Fr-2, and Fr-3) followed by 1 ml of 99.9% etha-
nol (SPE2-Fr-4). LC-MS" analysis revealed that the derivatized
sterols were present almost exclusively in the first 2 ml of
methanol eluent (SPE2-Fr-1 and SPE2-Fr-2). The recovery of
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24(RS)-[26,26,26,27,27,27-*H]hydroxycholesterol was esti-
mated to be in excess of 85%.

Cholesterol oxidase converts sterols with a 33-hydroxy-5-
ene function to 3-oxo-4-ene analogues (Scheme 2) and a 38-hy-
droxy-5a-hydrogen function to a 3-oxo function. To identify
sterols that naturally possess a 3-oxo function from those oxi-
dized to contain one, CSF samples were analyzed in parallel in
the presence (Scheme 1, route B) and absence (Scheme 1, route
A) of cholesterol oxidase.

LC-MS" on the LTQ-Orbitrap XL—Chromatographic sepa-
ration of GP-tagged sterols was performed on an Ultimate 3000
HPLC system (Dionex, Surrey, UK) utilizing a Hypersil GOLD
reversed phase column (1.9 um particles, 50 X 2.1 mm, Thermo
Fisher, San Jose, CA). Mobile phase A consisted of 33.3% metha-
nol, 16.7% acetonitrile containing 0.1% formic acid, and mobile
phase B consisted of 63.3% methanol 31.7% acetonitrile containing
0.1% formic acid. After 1 min at 20% B, the proportion of B was
raised to 80% B over the next 7 min and maintained at 80% B for a
further 5 min, before returning to 20% B in 6 s and re-equilibration
for a further 3 min, 54 s, giving a total run time of 17 min. The flow
rate was maintained at 200 ul/min and eluent directed to the
atmospheric pressure ionization source of an LTQ-Orbitrap XL
(Thermo Fisher, San Jose, CA) mass spectrometer. This instru-
ment is a hybrid linear ion-trap (LIT)-Orbitrap analyzer. The
Orbitrap is a Fourier transform mass analyzer capable of high res-
olution (up to 100,000 full width at half-maximum height) and
exact mass measurement.

The Orbitrap was calibrated externally prior to each analyt-
ical session. Mass accuracy was better than 5 ppm. In any given
chromatographic run, and in the mass range of GP-tagged ste-
rols, measured mass values were found to be offset from the
theoretical mass by a constant value ranging from +1 to +2
millimass units, for example. For LC-MS and LC-MS" analysis
of reference compounds, the sample (1 pg/ul in 60% methanol,
0.1% formic acid) was injected (20 ul) onto the reversed phase
column and eluted into the LTQ-Orbitrap at a flow rate of 200
ml/min. Two experimental methods were utilized. In the first
experimental method, three scan events were performed as fol-
lows: a Fourier transform-MS scan in the Orbitrap analyzer
over the m/z range 400 — 650 (or 300 —800) at 30,000 resolution
(full width at half-maximum height) with a maximum ion fill
time of 500 ms, followed by data-dependent MS*> and MS®
events performed in the LIT with maximum ion fill times of 200
ms. For the MS? and MS? scans, three microscans were per-
formed, the precursor ion isolation width was set at 2 (to select
the monoisotopicion) and the normalized collision energy at 30
and 35 (instrument settings), respectively. A precursor ion
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inclusion list was defined according to the m/z of the [M] " ions
of expected sterols (see supplemental Table S2) so that MS* was
preferentially performed on these ions in the LIT if their inten-
sity exceeded a pre-set minimum (500 counts). If a fragment ion
corresponding to a neutral loss of 79 Da from the precursor ion
was observed in the MS? event and was above a minimal signal
setting (200 counts), MS® was performed on this fragment. To
maximize efficiency, the MS® and MS® event was performed at
the same time as the high resolution mass spectrum was being
recorded in the Orbitrap. The second experimental method
involved a targeted multiple reaction monitoring approach
(MRM). In event 1, the Orbitrap analyzer was scanned as
above, and in event 2, the transition 534.4—455.4— was
monitored using collision energies of 30 and 35 for the MS?
and MS? events, respectively (Scheme 3a). In event 3, the
transition 540.4—461.4— was monitored in a similar man-
ner (to accommodate the 24(RS)-[*Hg]hydroxycholesterol
internal standard).

For the analysis of GP-tagged sterols from CSF, 12 ul of the
first methanol fraction (1 ml) from the second SepPak C,; car-
tridge (SPE2-Fr-1) (equivalent to 6 ul of CSF assuming all the
sterols elute in this methanol fraction) was diluted with 8 ul of
0.1% formic acid and 20 ul injected onto the LC column. MS,
MS?, and MS? spectra were recorded as described above. Other
fractions from the SPE columns were analyzed in an identical
fashion.

Quantification and Isotope Dilution Mass Spectrometry—
The quantities of identified sterols and bile acids in CSF were
determined by isotope dilution mass spectrometry against a
known amount of added 24(SR)-[*H]hydroxycholesterol
(100% [*H]) internal standard (IS). For monohydroxycholes-
terols (C®-3B,x-diol), which are present in CSF in their free
form in low amounts (<1 ng/ml), quantification was performed
using the MRM transitions 534.4—455.4— for the GP-tagged
sterols and 540.4—461.4— for GP-tagged 24(SR)-[*Hglhy-
droxycholesterol IS. Peak areas were used for calculation of
concentration (see Equation 1). Bile acids were present in
greater abundance than monohydroxycholesterols, and this
allowed their quantification from reconstructed ion chromato-
grams (RICs) recorded on the Orbitrap. RICs were generated
from spectra recorded at 30,000 resolution, with an m/z toler-
ance of 10 ppm. Again peak areas were determined, and analyte
levels were calculated by applying Equation 1.

Analyte peak area/IS peak area

= analyte concentration/IS concentration (Eq.1)

FIGURE 1. Identification of monohydroxycholesterols and hydroxynorcholestenedione in CSF. g, MRM chromatogram for the transition 534—455—.
b, RIC for the exact m/z534.3690 =+ 5 ppm. c-g, MS® [534—455—] spectra of the peaks eluting as follows: 4.82 min, peak 1 (c); 7.42 min, peak 3 (d); 7.57 min, peak
4(e); 7.95 min, peak 5 (f); and 10.05 min, peak 8 (g); in chromatogram a. The MRM chromatogram (a) and MS? spectra (c- g) were generated in the LIT, the RIC (b)
was generated in parallel in the Orbitrap analyzer. The MS? spectra correspond to GP-tagged 7a-hydroxy-26-norcholest-4-ene-3 x-dione (c); 24(S)-hydroxy-
cholesterol (d); 25-hydroxycholesterol (e); 27-hydroxycholesterol (f); and 7a-hydroxycholesterol (g). Proposed structures of the GP-tagged molecules are
shown as insets to the appropriate spectra. GP-tagged 7a-hydroxy-26-norcholest-4-ene-3,x-dione appears in chromatograms (a and b) as syn and anti
conformers (peaks 1 and 2). Chromatograms and spectra are from sterols isolated from CSF. Some confusion may arise concerning the nomenclature of
27-hydroxycholesterol and related compounds. According to rules of priority of numbering the correct description of 27-hydroxycholesterol is 25(R),26-
hydroxycholesterol. However, the common name is 27-hydroxycholesterol on account of its formation via the mitochondrial CYP27A1-catalyzed hydroxyla-
tion of cholesterol, and this will be the name used here, although we will use the abbreviation C*-38,26-diol in accord with the systematic name cholest-5-
ene-3,26-diol recommended by Fahy et al. (74). In other cases, we adopt the nomenclature recommended by Fahy et al. (74) and the Lipid Maps consortium.

%RA, % relative abundance.
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FIGURE 2. Identification of hydroxycholestenoic and hydroxyoxochole-
stenoic acids in CSF. a and b, RICs for the exact m/z 548.3847 (a) and
564.3796 (b) +5 ppm. ¢, MS? [548—469—] spectrum of the peak eluting at
7.63 min in RIC (a). d, MS® [564—485—] spectrum of the peak eluting at 5.91
min in RIC (b). The MS? spectra correspond to GP-tagged 33-hydroxycholest-
5-en-26-oic (c) and 7a-hydroxy-3-oxocholest-4-en-26-oic acids (d). Structures
of the GP-tagged molecules are shown as insets to the appropriate spectra.
GP-tagged 7a-hydroxy-3-oxocholest-4-en-26-oic acid appears as syn and anti
conformersin RIC (b). The syn and anti confirmers appear to give split peaks in
RIC (b) (i.e. 5.69 and 5.91 min and 6.47 and 6.67 min). The MS? spectra for these
peaks are indistinguishable; however, only the latter eluting peaks (5.91 min,
6.67 min) appear in the RIC of the authentic reference compound. The origin
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Equation 1 assumes that all analytes have an identical response
factor to the internal standard, which is true for 38-hydroxy-5-
ene and 3-oxo-4-ene sterols without additional substituents in
the A-ring (33). In some experiments, the IS was not included,
in which case relative abundances (%RA) were determined
against 7a-hydroxy-3-oxocholest-4-en-26-oic acid, the most
abundant sterol/bile acid component found in CSF, by applying
Equation 2.

(Analyte peak area/CA*-7a-ol-3-one peak area)

X 100% = %RA (Eq.2)

Luciferase Reporter Assay—The ability of the acidic choles-
terol metabolites 33-hydroxycholest-5-en-26-oic, 33,7a-dihy-
droxycholest-5-en-26-oic, 7a-hydroxy-3-oxocholest-4-en-26-
oic, 7a,12a-dihydroxy-3-oxo-58-cholan-24-oic (58-BA-7a,12¢-
diol-3-one), and 3-oxo-53-cholan-24-oic (58-BA-3-one) acids
to activate several nuclear receptors was tested in luciferase
assays. Transient transfection studies were performed in the
mouse substantia nigra-like cell line SN4741. As the object of
our study was CSF, we decided to use the SN4741 cell line,
which is of neural origin. Cells were plated in 24-well plates (5 X
10° cells/well) 24 h before transfection and transfected with 1
pg of plasmid DNA /well complexed with 2 ul of Lipofectamine
2000 (Invitrogen). Cells were transfected with 400 ng of an
LXR- or FXR- or NURRI1-responsive luciferase reporter con-
struct and 200 ng of LXRa, FXR, or NURRI. A reporter gene
expressing the Renilla luciferase (pRL-TK, Promega) was co-
transfected in all experiments as an internal control for normal-
ization of transfection efficiency. After a 12-h incubation, the
lipid/DNA mixture was replaced with fresh 2.5% serum
medium containing vehicle or appropriate ligand (10 um), as
specified in each experiment. Luciferase activities were assayed
24 h later using Dual-Luciferase reporter assay system (Pro-
mega), following the manufacturer’s protocol.

RESULTS
Extraction of Sterols from CSF

The extraction procedure was modified from our previous
protocol for oxysterol analysis of plasma (10). However, the
lesser availability of CSF necessitated the method to be scaled
down to accommodate volumes of less than 1 ml. In the extrac-
tion procedure, it was important to separate cholesterol from
its oxidized metabolites, i.e. oxysterols and bile acids, at an ini-
tial stage, as cholesterol can be oxidized in air to give autoxida-
tion products that can be confused with those of biological ori-
gin (46, 47). The scaled down method was optimized using
25-hydroxycholesterol and cholesterol, and 25-hydroxycholes-
terol was found to elute in fraction 1 from the first SPE column
(SPE1-Fr-1) and, in its GP-tagged form, in fractions 1 and 2
from the second SPE column (SPE2-Fr-1 and SPE2-Fr-2).
Cholesterol eluted in fraction 3 from the first SPE column

of the early eluting peaks is unknown but may be related to the stereochem-
istry of the C-17 side chain. 7 3-Hydroxy-3-oxocholest-4-en-26-oicis the minor
component eluting at 4.18 min in RIC (b). Chromatograms and spectra are
from sterols isolated from CSF, and recorded as indicated in Fig. 1. %RA, %
relative abundance.
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(SPE1-Fr-3) and, in its GP-tagged form, in fractions 1 and 2
from the second column (SPE2-Fr-1 and SPE2-Fr-2). These
results were confirmed in tests in which added
24(SR)[*Hg]hydroxycholesterol was extracted from CSF.
24(SR)-[*H¢]Hydroxycholesterol was found to elute in frac-
tion SPE1-Fr-1 and in its GP-tagged form in SPE2-Fr-1 and
SPE2-Fr-2. Recoveries were estimated to be in excess of 85%.
Only a very minor amount of cholesterol (<1 ng/ml) was
found to leak into fraction SPE1-Fr-1.

Quantification and Isotope Dilution Mass Spectrometry

The “gold standard” method for analyte quantification by
mass spectrometry is isotope dilution mass spectrometry. Here,
an isotope-labeled version of the target analyte, added during
the sample extraction step, is used as an internal standard. The
isotope-labeled internal standard will behave in an (almost)
identical fashion to the natural analyte during extraction, deri-
vatization, and chromatography steps and give a similar
response during mass spectrometry analysis. Thus, from the
known amount of internal standard added and the ratio of peak
areas measured for the analyte and internal standard during
mass spectrometry analysis, the absolute amount of target
analyte is calculated (Equation 1). In this study, 24(SR)-
[*Hg]hydroxycholesterol was used as the internal standard.
Once GP-tagged, sterols and bile acids (with a 3-oxo-4-ene or
3B-hydroxy-5-ene structure) give a similar mass spectrometric
response (33), and thus 24(SR)-[*Hg]hydroxycholesterol was
used as the internal standard for all detected analytes. The lev-
els of sterols and bile acids identified in CSF are listed in Table
1. In some experiments, the IS was not included, in which case
relative abundance (%RA, means = S.D., nine subjects) was
determined against 7a-hydroxy-3-oxocholest-4-en-26-oic acid
(see Equation 2), the most abundant sterol/bile acid component
found in CSF. %RA values are also given in Table 1. It should be
noted that the values determined for bile acids are only quanti-
tative estimates (i.e. approximations); this is a consequence of
the possibility of differing extraction and purification efficien-
cies from the internal standard. Ideally, isotope-labeled internal
standards should be used for each acid. This is, however,
impractical in a discovery mode study, but it could be incorpo-
rated in a more targeted study.

Identification of Sterols and Bile Acids in CSF

Although it is not uncommon to base the identification of a
metabolite solely on the measurement of molecular weight,
particularly in the era of metabolomics and systems biology, our
identification strategy was based on a combination of func-
tional group-specific derivatization (charge tagging), exact
mass measurement (<5 ppm), MS*and MS? analysis, and chro-
matographic retention time. Where possible, experimental
data for presumptively identified metabolites are compared
with that obtained for authentic standards.

Owxysterols—Oxysterols can be defined as oxygenated forms
of cholesterol, and this definition includes hydroxycholesterols,
e.g. 24(S)-hydroxycholesterol, and oxocholesterols, e.g 7-
oxocholesterol (7-oxocholest-5-en-33-ol, C°-383-ol-7-one).
Hydroxycholesterols may also be called bile alcohols, as many
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FIGURE 3. Identification of hydroxybisoxocholestenoic and dihydroxy-
oxocholestenoic acids. a and b, RICs for the exact m/z 578.3589 (a) and
580.3745 (b) = 5 ppm. ¢, MS? [578—499—] spectrum of the peak eluting at
2.35 min in RIC (a). d, MS® [580—501—] spectrum of the peak eluting at 2.67
min in RIC (b). The MS® spectra correspond to GP-tagged 7a-hydroxy-3,x-
bisoxocholest-4-en-26-oic acid (c), and 7a,x-dihydroxy-3-oxocholest-4-en-
26-oic acid (d). Proposed structures of the GP-tagged molecules are shown as
insets to the appropriate spectra. GP-tagged 7a,x-dihydroxy-3-oxocholest-4-
en-26-oic acid appears as syn and anti conformers appearing at 2.67 and 3.79
min in RIC (b). Chromatograms and spectra are from sterols isolated from CSF
and recorded as indicated in Fig. 1. %RA, % relative abundance.
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are intermediates in the biosynthesis of bile acids from choles-
terol (31). Table 1 lists the oxysterols identified in this study.
The initial focus of this work was on the identification and
relative quantification of oxysterols in CSF. Once charge-
tagged by the GP reagent, oxysterols can be analyzed by LC-
electrospray ionization-MS” with high sensitivity (< pg
injected), and the oxysterol content of CSF was initially probed
by generation of exact mass (5 ppm) RICs for all potential oxys-
terols with one to five additional oxygen functions on the cho-
lesterol skeleton (see supplemental Table S2). Oxysterols are
present in their unconjugated form in CSF at low levels (<1
ng/ml); therefore, to further maximize the sensitivity of analy-
sis, an MRM-like experiment was performed in the LIT in par-
allel to the acquisition of high resolution mass scans in the
Orbitrap (see the second experimental method under “Experi-
mental Procedures”). GP-tagged oxysterols offer three advan-
tages for this type of analysis as follows: (i) charge tagging
improves parent molecule ionization by 2—-3 orders of magni-
tude (33); (ii) GP-tagged oxysterols give an abundant [M — 79]*
ion upon MS? ([M] " —); and (iii) MS® spectra generated by the
[M]*—[M — 79]"— transition are structurally informative
(Scheme 3, b and ¢). Thus, by using this protocol, it was possible
to identify and quantify 24(S)-hydroxycholesterol (peak 3 in
Fig. 1a), 25-hydroxycholesterol (peak 4 in Fig. 1a), 27-hydroxy-
cholesterol (peak 5 in Fig. 1a), 7 3-hydroxycholesterol (peak 6 in
Fig. 1a), 7a-hydroxycholesterol (peak 8 in Fig. 1a), and 6-hy-
droxycholesterol (peak 9 in Fig. 1a) and also 7-oxocholesterol
(peak 7 in Fig. 1a). Identifications were based on exact mass and
comparison of retention time and MS* and MS? spectra with
those of authentic standards (Fig. 1 and supplemental Fig. S1).
The levels of these free oxysterols in CSF were very low ranging
from 0.009 = 0.005 ng/ml for 7B-hydroxycholesterol (cholest-
5-ene-38,7B-diol, C>-38,7B-diol) to 0.026 = 0.018 ng/ml for
6-hydroxycholesterol (cholest-4-ene-38,6-diol, C*-38,6-diol,
or cholest-5-ene-3[3,6-diol, C°-38,6-diol) and 0.034 * 0.017
ng/ml for 7-oxocholesterol (Table 1). The ratio of 24(S)- to
27- to 7o-hydroxycholesterol (cholest-5-ene-38,7a-diol,
C®-3B,7a-diol) in CSF was found to be 1:1.6:1.1 (six subjects).
These are three enzymatically formed oxysterols, 24(S)-hy-
droxycholesterol being formed from cholesterol in a reaction
catalyzed by neuron-specific cytochrome (CYP) P450 46A1
(48), 27-hydroxycholesterol being formed in many tissues in a
reaction catalyzed by CYP27A1 (49), and 7a-hydroxycholes-
terol being formed hepatically in a CYP7A1-catalyzed reaction
(50). The ratio of these three oxysterols in CSF thus gives an
indication of cholesterol metabolism in brain with respect to
oxysterol transport from the periphery into CSF. Of the other
oxysterols, 25-hydroxycholesterol can be formed enzymatically
by a cholesterol 25-hydroxylase (51) and also by CYP46A1 (48),
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but it is also an autoxidation product of cholesterol, as are
7B-hydroxycholesterol and 7-oxocholesterol (46), whereas
6-hydroxycholesterol is a decomposition product of the autox-
idation products 5,6-epoxycholesterol (5,6-epoxycholestan-
3B-ol, C-3B-0l-5,6-epoxide) and cholestane-38,5a,63-triol
(C-3B,5a,6B-triol) (33).

C,, Bile Acids—C,,, bile acids, including 38-hydroxycholest-
5-en-26-oic acid, 3f,7a-dihydroxycholest-5-en-26-oic, and
7 a-hydroxy-3-oxocholest-4-en-26-oic acid, are prevalent in
blood (22, 28) (see supplemental Table S1) and have been
identified in cells of the rodent central nervous system fol-
lowing incubation with 27-hydroxycholesterol (24), whereas
7a-hydroxy-3-oxocholest-4-en-26-oic acid has been identi-
fied as an export product from human brain into plasma (22).
We thus probed for the presence of C,, bile acids in human
CSE. Again, using a combination of exact mass, retention
time, MS? and MS? spectra, and comparison with authentic
standards, the C,, bile acids 33-hydroxycholest-5-en-26-oic
acid and 7a-hydroxy-3-oxocholest-4-en-26-oic acid were
identified (Fig. 2). It was possible to differentiate endoge-
nous 7a-hydroxy-3-oxocholest-4-en-26-oic acid from that
generated by treatment with bacterial cholesterol oxidase, as
the abundance of the GP-tagged compound did not change
when derivatization was performed in the presence or
absence of the bacterial cholesterol oxidase. Similarly, GP-
tagged 3-oxocholest-4-en-26-oic acid (CA*-3-one) was only
identified following treatment with bacterial cholesterol oxi-
dase and thus must originate from endogenous 33-hydroxy-
cholest-5-en-26-oic acid. It is of interest to note that there is
no endogenous 3-oxocholest-4-en-26-oic acid in CSF in
light of its ability to activate the DAF-12 orphan nuclear
receptor in C. elegans (39). However, HSD3B7, the necessary
3B-hydroxysteroid dehydrogenase, requires the presence of
a 7a-hydroxyl group and a side chain longer than thatin C,,;
steroids (52). The levels of 7a-hydroxy-3-oxocholest-4-en-
26-oic and 3B3-hydroxycholest-5-en-26-oic acid in CSF were
found to be 7.170 * 2.826 and 0.416 * 0.193 ng/ml, respec-
tively. These C,, bile acids could originate in plasma and be
transferred to CSF or alternatively be formed in brain from
27-hydroxycholesterol (22, 24), which is itself suggested to
be imported into brain from plasma (21). The possibility also
exists that C,,, bile acids could be formed in brain from cho-
lesterol itself.

In our search for other C,, bile acids in CSF, a candidate
[M]* ion was observed at m/z 580.3745 with a retention time
compatible with a GP-tagged dihydroxy-3-oxocholest-4-en-
26-oic acid (Table 1). The [M] " ion gave MS? and MS? spectra
consistent with one hydroxyl group at position 7a with the
second on the C or D rings or on the side chain (i.e. CA*-7a,x-

SCHEME 4.Suggested pathways for biosynthesis of bile acids found in CSF. The acidic pathway starts with 26-hydroxylation of cholesterol by CYP27A1, and
the 24(S)-hydroxycholesterol pathway by 24(S)-hydroxylation of cholesterol by CYP46A1. Compounds drawn in black are identified in CSF, those in blue are
presumptively identified, and those in red were not detected or were present in trace quantities only. With the exception of a-methylacyl-CoA racemase
(necessary for the acidic pathway), all of the enzymes (or mRNA transcripts) required for the formation of 7a-hydroxy-3-oxochol-4-en-24-oic acid are present
in brain. Abbreviations, Swiss-Prot accession number, and reference to the enzyme, where applicable (or mRNA transcript), in brain are as follows: CYP27A1,
cytochrome P450 27A1, Q02318 (54); CYP46A1, cytochrome P450 46A1, Q9Y6A2 (48); CYP7B1, cytochrome P450 7B1, 075881 (75); CYP39A1, cytochrome P450
39A1, QINYLS5 (53); HSD3B7, 33-hydroxysteroid dehydrogenase type 7, Q9H2F3 (24); VLCS, very long chain acyl-CoA synthetase, 035488 (56); AMACR, a-meth-
ylacyl-CoA racemase, Q9UHK6; BCOX, branched chain acyl-CoA oxidase, Q99424 (76); DBP, p-bifunctional protein, P51659 (57); LBP, L-bifunctional protein,
Q08426 (57); SCPx, sterol carrier protein x, P22307 (77). Metabolites identified as LXRa ligands in SN4741 cells are indicated by LXR+.
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diol-3-one) (Fig. 3). The abundance of this bile acid was 1.330 =
0.543 ng/ml. There was also evidence for a trihydroxy-3-oxo-
cholest-4-en-26-oic acid with the appropriate mass and
appearing very early in the chromatogram, but its level was too
low (<0.01 ng/ml) to allow the recording of a structurally
informative MS® spectrum.

Bile acids with both a 7-hydroxy-4-ene and 7-hydroxy-5-ene
structure are known to be labile and to dehydrate to give con-
jugated dienes (31). There is in fact evidence for this by the
appearance of peaks at m/z 562.3639 (580.3745 — H,0O) and
546.3690 (564.3796 — H,O) assigned to hydroxy-3-oxocho-
lesta-4,6-dien-26-oic acid (CA*®-x-ol-3-one, 0.453 = 0.204
ng/ml) and 3-oxocholesta-4,6-dien-26-oic acid (CA**-3-one,
1.799 = 0.666 ng/ml), respectively, on the basis of their reten-
tion time and MS? spectra (Table 1 and supplemental Fig. S1).
There is also molecular weight evidence for the presence of a
dihydroxy-3-oxocholesta-4,6-dien-26-oic acid (CA*®-x,y-diol-
3-one); however, the MS? spectrum, although weak, favors the
structural isomer 7a-hydroxy-3,x-bisoxocholest-4-en-26-oic
acid (CA*-7a-ol-3,x-dione, 0.063 = 0.013 ng/ml) (Fig. 3). It is
intriguing to note that 7a-hydroxy-3,24-bisoxocholest-4-en-
26-oic acid (CA*-7a-ol-3,24-dione) and 7a,24-dihydroxy-3-
oxocholest-4-en-26-oic acid (CA*-7a,24-diol-3-one) are pre-
cursors of C,, bile acids in the biosynthetic pathway from
24(S)-hydroxycholesterol (19, 27), and there is evidence for the
presence of the necessary enzymes in brain, i.e. CYP46A1 (48),
CYP39A1 (53), CYP27A1 (24, 54, 55), HSD3B7 (24), very long
chain acyl-CoA synthetase (56), and L-bifunctional protein (57)
to account for their formation (Scheme 4).

During our profiling studies for oxysterols, we monitored the
MRM transition 534—455— ([M]*—[M — 79] " —) in the LIT
in parallel with recording high resolution exact mass spectra in
the Orbitrap analyzer (Fig. 1a). A pair of early eluting peaks was
observed in the MRM chromatogram (4.82 and 5.72 min in Fig.
la), but unexpectedly, did not appear in the RIC for m/z
534.4054 corresponding to the m/z of the [M]™ ion of a GP-
tagged monohydroxycholesterol. By searching the mass spectra
recorded when these early peaks elute for ions of nominal mass
534, the dominant peak was found at m/z 534.3690. This mass
corresponds to a [M]" ion with elemental composition
C,3H,gN, O3, which prior to GP tagging fits a sterol of elemen-
tal composition C,,H,,0O5. The MS? and MS? spectra of these
[M]* ions indicate a 7a-hydroxy-26-norcholest-4-en-3-one
sterol structure (0.204 = 0.083 ng/ml) with an additional oxo-,
epoxy-, or hydroxyalkene function in the CD-rings or side chain
(Fig. 1). It is interesting to note that 24-ox0-26-norcholestanes
are known decarboxylation products of 24-oxocholestan-26-
oic acids (58, 59), which can themselves be formed from 24(S)-
hydroxycholesterol. Also, C, bile alcohols have been described
previously in the glucuronide fraction from human urine
(60, 61).

C,, Bile Acids—C,, bile acids are formed from C,, bile acids
by the process of B-oxidation in the peroxisomes (19). This
involves oxidation and thiolation to give a 24-0x0-26-0yl-CoA
structure followed by B-oxidation to the C,, bile acid. The thio-
lation and B-oxidation reactions are carried out by bile acyl-
CoA synthetase (liver-specific) or very long chain acyl-CoA
synthetase and sterol carrier protein x, respectively, the latter
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FIGURE 4. Identification of C,, bile acids in CSF. RICs for the exact m/z
522.3326 (a) and 540.3432 (b) = 5 ppm are shown. ¢, MS? [522—443—]
spectrum of the peak eluting at 2.08 min in RIC (a). d, MS® [540—461—]
spectrum of the peak eluting at 1.79 min in RIC (b). The MS? spectra cor-
respond to GP-tagged 7a-hydroxy-3-oxochol-4-en-24-oic (c) and a trihy-
droxycholanoic acid, possibly 33,x,y-trihydroxy-5a-cholan-24-oic acid (d).
Proposed structures of the GP-tagged molecules are shown as insets to the
appropriate spectra. Chromatograms and spectra are from sterols isolated
from CSF and recorded as indicated in Fig. 1. %RA, % relative abundance.
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vehicle
C5-3B,22R-diol
CAS5-38-ol
CAS5-3B,7a-diol
CA%-7a-ol-3-one
5B-BA-3-one
vehicle
C5-38,22R-diol

LXRE

5B-BA-7a,12a-diol-3-one

FIGURE 5. Analysis of the nuclear receptor activational capacity of acidic intermediates of bile acid bio-
synthesis. Analysis of luciferase activity in SN4741 cells transfected with an LXR-responsive luciferase reporter
construct (LXRE) and LXRe, as indicated, and stimulated for 24 h with 22(R)-hydroxycholesterol (cholest-5-ene-
38,22(R)-diol, C>-38,22R-diol; 10 um) a known LXRa ligand (62, 63), or the acidic compounds indicated, i.e.
3B-hydroxycholest-5-en-26-oic acid, CA*>-3B-ol; 38,7a-dihydroxycholest-5-en-26-oic acid, CA>-38,7a-diol;
7,12 a-dihydroxy-3-oxo-5B-cholan-24-oic acid, 53-BA-7«,12a-diol-3-one; 7a-hydroxy-3-oxocholest-4-en-26-
oic acid, CA*-7a-ol-3-one; and 3-oxo-5B-cholan-24-oic acid, 58-BA-3-one. The firefly luciferase activity was
normalized to Renilla luciferase activity, and the values are expressed as fold activation over the normalized
basal LXR response element-luciferase activity set to 1. Data are means = S.E. (n = 3), *, p < 0.05; **, p < 0.01

compared with vehicle treatment. %RA, % relative abundance.

two of which are expressed in rodent brain (Swiss-Prot 035488,
P11915).” We thus searched for the presence of C,, precursors
of primary bile acids in CSF. Two potential C,, bile acids were
identified, the latter eluting a peak of which has a mass and gave
MS? and MS? spectra compatible with 7a-hydroxy-3-oxochol-
4-en-24-oic acid (Fig. 4), which is a precursor of chenodeoxy-
cholic acid. Its level was estimated at 0.172 *+ 0.085 ng/ml. The
earlier eluting peak had a mass and gave MS? and MS? spectra
compatible with a trihydroxycholanoic acid (BA-triol) possibly
with a 33-hydroxy-5a-hydrogen functionality (i.e. 3B,x,y-trihy-
droxy-5a-cholan-24-oic acid, 5a-BA-38,x,y-triol). Its level was
estimated at 0.833 = 0.312 ng/ml.

Sterols and Bile Acids as Ligands to LXRs, NURRI, and FXR—
Earlier studies have shown 24(S)-, 25, and 27-hydroxycho-
lesterols to be ligands to the LXRs (62— 64). Here, we utilize
an LXR-response element/LXRa luciferase assay to examine
the activational capacity of intermediates in the acidic path-
way of bile acid biosynthesis downstream of 27-hydroxycho-
lesterol. Our data show that 3B8-hydroxycholest-5-en-26-oic
and 3pB,7a-dihydroxycholest-5-en-26-oic acids, but not
7a-hydroxy-3-oxocholest-4-en-26-oic acid, have the ability to
activate LXRa and therefore act as LXR ligands. Additional exper-
iments were also performed on other intermediates in bile acid
biosynthesis. Although 3-oxo-53-cholan-24-oic acid could not

7W. J. Griffiths, S. Heidelberger, J. Turton, and Y. Wang, unpublished
observations.
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activate LXRa, 7a,12a-dihydroxy-3-
oxo-53-cholan-24-oic acid was found
to be an LXR ligand (Fig. 5).

To test the specificity of the acti-
vation observed by the acidic com-
pounds described above, luciferase
assays were performed using a lucif-
erase reporter gene under the con-
trol of the farnesoid X receptor-re-
sponse element. In SN4741 cells
transfected with FXR, chenodeoxy-
cholic acid activated FXR. On the
contrary, none of the C,, or C,,
acids tested showed a significant
effect on FXR activation (supple-
mental Fig. S2). Similar experiments
were performed using a luciferase
reporter gene under the control of a
DR5 element. NURR1/RXR het-
erodimers bind to DR5 elements on
the promoter of target genes. In
SN4741 cells transfected with
NURR1, 9-cis-retinoic acid acti-
vated the RXR/NURR1 het-
erodimer. On the contrary, none of
the C,, or C,, acids tested showed a
significant effect on RXR/NURRI1
activation (supplemental Fig. S2).

Thus our results indicate that 33-
hydroxycholest-5-en-26-oic, 3,7c-
dihydroxycholest-5-en-26-oic, and
7a,12a-dihydroxy-3-oxo-5B-cholan-24-oic acids are specific
LXRa ligands.

58-BA-3-one

CAS5-3,7a-diol
CA%-7a-ol-3-one

58-BA-7a,120-diol-3-one

DISCUSSION

Oxysterols are biologically active molecules. They can sup-
press the synthesis of cholesterol via interaction with the
molecular machinery for transcription of the enzymes of the
mevalonate pathway (65) and also encourage cholesterol export
by acting as ligands to the LXRs and activating transcription of
genes for cholesterol transport (62, 63). Importantly, it is only
specific isomers that are biologically active, e.g. 24(S)- and
25-hydroxycholesterol are both suppressors of cholesterol syn-
thesis and enhancers of cholesterol export, whereas 7a-hy-
droxycholesterol and 7-oxocholesterol only weakly suppress
cholesterol synthesis and are not ligands to the LXRs (63, 65,
66). Thus, the exact chemical structure of this class of molecule
is critically important for biological activity. Recent evidence
suggests that the initial steps of the acidic pathway of bile acid
biosynthesis operate in brain (22, 24), with the conversion of
27-hydroxycholesterol to 7a-hydroxy-3-oxocholest-4-en-26-
oic acid via either 3B-hydroxycholest-5-en-26-oic acid and
3B,7a-dihydroxycholest-5-en-26-oic acid or via cholest-5-ene-
38,7,26-triol (C>-3B,7a,26-triol) and its 7a-hydroxy-3-oxo-4-
ene analogue (7a,26-dihydroxycholest-4-en-3-one, C*-7q,26-
diol-3-one) (22, 24) (Scheme 4). In CSF we observe only very
minor quantities (0.029 *= 0.012 ng/ml) of the biologically
active oxysterol 27-hydroxycholesterol (64) but much higher
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levels of 7a-hydroxy-3-oxocholest-4-en-26-oic acid (7.170 =
2.826 ng/ml). We thus tested the activity of 7a-hydroxy-3-oxo-
cholest-4-en-26-oic acid as an LXR ligand in a luciferase assay.
It did not activate the LXRa receptor, but interestingly its pre-
cursors 3B3-hydroxycholest-5-en-26-oic acid and 38,7 a-dihy-
droxycholest-5-en-26-oic acid did activate LXR in the lucifer-
ase assay. This indicates that intermediates of the acidic
pathway of bile acid biosynthesis present in brain and possess-
ing biological activity are efficiently deactivated before secre-
tion into CSF. None of the compounds tested for LXR activity
here activated either NURR1 or FXR. There is, however, pre-
cedence for bile acid involvement with the nervous system. In
sea lamprey, Li et al. (67) found allocholic acid (3a,7a,12c-
trihydroxy-5a-cholan-24-oic  acid, 5a-BA-3a,7a,12a-triol)
and petromyzonol sulfate (5a-cholan-3a,7a,12a,24-tetraol
24-sulfate) to be potent stimulants of the adult olfactory system
interacting with specific olfactory receptor sites and function-
ing as migratory pheromones. Furthermore, the brain is
affected in severe liver disease with high plasma bile acid levels,
in so-called hepatic encephalopathy (68).

Bile acids are biosynthesized extrahepatically via the acidic
pathway starting with 27-hydroxycholesterol and also via the
24(S)-hydroxycholesterol pathway (19). The latter pathway is
initiated in brain by 24(S)-hydroxylation of cholesterol by neu-
ron-specific CYP46A1 (48), followed by 7a-hydroxylation by
the presumed liver-specific enzyme CYP39A1 (69). However,
recent data indicate that CYP39A1 protein is also expressed in
eye and its mRNA in brain (53, 70), opening a route for extra-
hepatic bile acid biosynthesis via this pathway. In fact, all of the
enzymes necessary for the biosynthesis of the primary bile
acid chenodeoxycholic acid by the 24(S)-hydroxycholesterol
pathway are expressed in brain (Scheme 4). This hypothesis
is supported here by the identification in CSF of 7a-hydroxy-
3-oxochol-4-en-24-oic acid, an immediate precursor of
chenodeoxycholic acid, and the partial identification of
7o, x-dihydroxy-3-oxocholest-4-en-26-oic and 7a-hydroxy-
3,x-bisoxocholest-4-en-26-oic acids, and 7a-hydroxy-26-
norcholest-4-ene-3,x-dione  (26-nor-C*-7«-ol-3,x-dione),
where x may be position 24, i.e. giving 7«,24-dihydroxy-3-
oxocholest-4-en-26-oic acid, 7a-hydroxy-3,24-bisoxocho-
lest-4-en-26-oic acid, and 7a-hydroxy-26-norcholest-4-
ene-3,24-dione. If this is the case, then 7a-hydroxy-26-
norcholest-4-ene-3,24-dione is probably a decomposition
product of 7a-hydroxy-3,24-bisoxocholest-4-en-26-oic
acid. Similar decarboxylation reactions have been observed
with other 24-0x0-C,, acids (58, 59). As 24(S)-hydroxycho-
lesterol is biologically active, its conversion to bile acids in
brain could represent a method for in situ deactivation.
Here, we have identified 7a-hydroxy-3-oxochol-4-en-24-oic
acid in CSF atalevel of 0.172 = 0.085 ng/ml. Mano et al. (25)
demonstrated that rat brain cytosolic preparation contains
an enzyme(s) capable of converting 7a-hydroxy-3-oxochol-
4-en-24-oic acid to chenodeoxycholic acid; however, this
activity was low, and the A*-3-oxosteroid 58-reductase and
3a-hydroxysteroid dehydrogenase were not identified.
Interestingly, epiallopregnanolone (3B-hydroxy-5a-preg-
nan-20-one, 5a-P-3B-0l-20-one) is present in rat brain (71,
72), presumably formed from progesterone (pregn-4-ene-
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3,20-dione, P*-3,20-dione) via activities of a 5a-reductase
and 3B-hydroxysteroid dehydrogenase, whereas progester-
one and testosterone have also been found to produce
5a-saturated derivatives in pre-viable human fetus (73). This
raises the intriguing possibility that the same enzyme system
may be responsible for the formation of the partially identi-
fied trihydroxycholanoic acid found here in CSF, i.e. 38,x,y-
trihydroxy-5a-cholan-24-oic  acid (5a-BA-3,x,y-triol).
Although chenodeoxycholic acid has been identified in rat
brain (26), it was only found after extensive protein denatur-
ation, leading to the conclusion that it is noncovalently
bound to protein in brain. The methodology used in this
study was designed for the analysis of sterols and intermedi-
ates in the bile acid biosynthetic pathways but not primary
bile acids that possess a 3a-hydroxy group rather than a
3B-hydroxy or oxo group. We are therefore currently devel-
oping a methodology that will allow the extraction and high
sensitivity analysis of primary bile acids from brain and CSF,
results from which will be reported in future publications.

In this study, we have identified the major cholesterol metab-
olite found in human CSF to be 7a-hydroxy-3-oxocholest-4-
en-26-oic acid (Table 1). This is an intermediate in the acidic
(and neutral/classical) pathway(s) of bile acid biosynthesis. Its
immediate precursors in the acidic pathway, 33-hydroxycho-
lest-5-en-26-oic acid and 33,7a-dihydroxycholest-5-en-26-oic
acid, were each shown to activate the LXR« in a luciferase assay
(Scheme 4 and Fig. 5), whereas 7a-hydroxy-3-oxocholest-4-en-
26-oic acid was inactive. The data indicate that LXR ligands are
efficiently deactivated in brain before passage into CSF. This is
true whether the ligands are supplied via the bloodstream (21)
or produced in brain (22, 24).
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