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Abstract

While the proteome defines the expressed gene products, the metabolome results from reactions
controlled by such gene products. Plasma represents an accessible “window” to the metabolome
both in regard of availability and content. The wide range of the plasma metabolome, in terms of
molecular diversity and abundance, makes its comprehensive analysis challenging. Here we
demonstrate an analytical method designed to target one region of the metabolome i.e. oxysterols.
Since the discovery of their biological activity as ligands to nuclear receptors there has been a
reawakening of interest in oxysterols and their analysis. In addition, the oxysterols, 24S- and 27-
hydroxycholesterol, are currently under investigation as potential biomarkers associated with
neurodegenerative disorders such as Alzheimer's disease and multiple sclerosis; widespread
analysis of these lipids in clinical studies will require the development of robust, sensitive and
rapid analytical techniques. In this communication we present results of an investigation of the
oxysterols content of human plasma using a newly developed high-performance liquid
chromatography — mass spectrometry (HPLC-MS) method incorporating charge-tagging and high-
resolution MS. The method has allowed the identification in plasma of monohydroxylated
cholesterol molecules, 7a-, 24S- and 27-hydroxycholesterol; the cholestenetriol 7a.,27-
dihydroxycholesterol; and 3p-hydroxycholest-5-en-27-oic acid and its metabolite and 3p,7a-
dihydroxycholest-5-en-27-oic acid. The methodology described is also applicable for the analysis
of other sterols in plasma i.e. cholesterol, 7-dehydrocholesterol, and desmosterol, as well as
cholesterol 5,6-seco-sterols and steroid hormones. Although involving derivatisation, sample
preparation is straight forward and chromatographic analysis rapid (17 min), while the MS method
offers high sensitivity (ng/mL of sterol in plasma, or pg on-column) and specificity. The
methodology is suitable for targeted metabolomic analysis of sterols, oxysterols and steroid
hormones opening a “window” to view this region of the metabolome.
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Introduction

As the twenty first century progresses there is an ever increasing interest in “omic” science
and its integration into systems biology. While the first draft of the human genome is
completel,2, and remarkable progress has been made in the definition of the human
proteome3,4, the third arm of the system i.e. the metabolome, is still largely ill defined5.
This is not surprising when one considers that the genome is made up from only four
building blocks (or bases), the proteome from essentially 20 amino acids, while the
metabolome shows variability at the atomic level. The complexity of the metabolome is
such that its analysis in a single experimental format cf. shotgun proteomicse, is essentially
impossible, simply on account of the widely differing physicochemical properties of
metabolites e.g. amino acids and triglycerides. Despite this constraint major efforts are in
progress to explore the variability of the metabolome and discover how it changes as a result
of pharmacological intervention or disease7-9. Essentially, two analytical technologies are
employed namely nuclear magnetic resonance (NMR) spectrometry and mass spectrometry
(MS). NMR offers advantages for the complete structural determination of biomolecules
including their stereochemistry, but is still comparatively insensitive, and its combination
with on-line separation techniques is still in the development phase8,10,11. Mass
spectrometry, in its various guises, is far more compatible with on-line chromatography and
offers enhanced sensitivity, however, complete structural determination still requires
comparison with synthetic standards5,12. The use of MS in metabolomics introduces a
further complication as analytes must be converted into gas-phase ions for analysis. While
volatile and thermally stable molecules are suitable for characterisation by gas-
chromatography (GC)-MS, polar thermally labile molecules are more suited to investigation
by atmospheric pressure ionisation (AP1)-MS in its various forms13. GC-MS has found a
major role in plant metabolomics14, but with respect to animal systems electrospay
ionisation (ESI)-MS is the favoured technique5,15.

In terms of mammalian and human metabolomics, urine, blood (serum or plasma) and
cerebrospinal fluid (CSF) are popular fluids to profile. Urine on account of its ease of
collection and representation of catabolomic/metabolomic end products, CSF as it reflects
brain metabolism, and blood as it mirrors the organisms anabolic, metabolic and catabolic
processes. Each medium has its advantages and disadvantages for metabolomic analysis. In
regard of global metabolomics, where the goal is to reproducibly measure the greatest
number of metabolites as possible and investigate how their pattern changes as a result of
disease or pharmacological intervention, Siuzdak's group in California have been leading
proponents in serum analysis5,15-17, however, as noted by this group the sensitivity of API-
MS varies greatly with analyte physicochemical properties. For example, in the positive-ion
ESI mode phospholipids containing the charged choline group give abundant ions, while
phosphatidic acids or neutral molecules such as cholesterol (C°-3p-ol) are much more
difficult to ionisel8, and it is the metabolites of cholesterol which have attracted our interest
in recent years19.

In a “standard” metabolomic investigation of human plasma/serum using positive-ion ESI-
MS e.g. following cold methanol extraction, cholesterol, although present at a level of ~2

mg/mL, is barely detectablel5, and then only as the [M+H-H,0]" ion at /m/z369 (Cy7Hys5",
Exact Mass: 369.3516 Da), by either high-resolution ESI-MS or by LC-ESI-MS (see http://
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metlin.scripps.edu/ftms_control.php?
start=&end=&fraction=PlasmaO&formula=C27H45%2B%2C+ and supplementary Figures
S1 & S2). As cholesterol is the most abundant sterol in plasma, the prospect of analysing
cholesterol metabolites present at levels three orders of magnitude below that of cholesterol
is daunting. However, cholesterol and its metabolites can be analysed against a metabolomic
background by enhancing their ionisation properties. Such strategies have been used for
many years20, dating back to the introduction of fast atom bombardment (FAB) as a soft
ionisation method21. Furthermore, cholesterol metabolites can be separated from the parent
molecule itself prior to analysis by group separation strategies, thereby reducing the
dynamic range of detection required in the analysis. Again such strategies are not novel and
have been used for many years in connection with GC-MS analysis of lipids19.

In this communication we present a targeted approach to plasma metabolomics designed
with the specific objective of sterol analysis, but which also allows for the analysis of other
lipids with similar polarities. In brief (Scheme 1), oxysterol are separated from cholesterol
(and other lipids of lower polarity/hydropholicity) by reversed phase solid phase extraction
(RP-SPE) giving two fractions i.e. SPE1-Fr-1 (oxysterol containing) and SPE1-Fr-2
(cholesterol containing). The sterols in each fraction are oxidised with cholesterol oxidase to
convert 3B-hydroxy-5-ene- and 3p-hydroxy-5a.(H) sterols to their 3-oxo-4-ene and 3-
oxo-5a.(H) analogues. The oxo groups are subsequently derivatised with the Girard P (GP)
reagent, so as to introduce a quaternary nitrogen to the molecule22-25. Such charged
molecules give very abundant gas-phase ions in the ESI process, improving the sensitivity of
their analysis by two to three orders of magnitude23-25. LC-ESI-MS is then performed
providing isomer separation and deconvolution of the still complex mixture. MS analysis is
performed in an ion-trap instrument utilising tandem mass spectrometry (MS/MS or MS?2) in
the “data directed analysis” (DDA) mode, but with the incorporation of an include list to
pre-programme the fragmentation of specified ions of interest. In a final step following MS?,
if a specified neutral loss of 79 Da is observed, characteristic of the GP derivative, MS3 is
performed on the [M-79]* fragment-ion to give structural information and molecular
characterisation.

Experimental

Materials

Methods

All solvents were of HPLC grade or above. GP reagent {1-(carboxymethyl)pyridinium
chloride hydrazide} and cholesterol oxidase from Streptomyces sp were from Sigma-Aldrich
Ltd (Poole, Dorset, UK). Sep-Pack tC1g and Sep-Pak Cqg were from Waters (Elstree, UK).
Reference sterols were from Steraloids Inc Ltd (London, UK), Sigma-Aldrich Ltd, or from
previous studies in our laboratories24,26,27. Plasma samples were part of a GSK study, and
were provided with institutional review board and ethical approval.

1. Extraction of plasma for analysis of sterols—Plasma (0.8 mL) was added
dropwiseto 10.5 mL of 99.9% ethanol in an u/trasonic bath. Note, 1 mL plasma is expected
to contain ~2 mg of cholesterol, 60 — 80 ng 24S-hydroxycholesterol (C°-3p,24S-diol), 120 -
180 ng 27-hydroxycholesterol (C°-3@,27-diol) and 70 —120 ng 3p-hydroxycholest-5-en-27-
oic acid (CA5-3p-ol) [see supplementary Table S1, Wang and Griffiths28 and references
therein]. This solution was diluted to 70% ethanol by the addition of 3.7 mL of water,
ultrasonicated for 2 min, and centrifuged at 50,000 g at 4°C for ten minutes.

A bed of Sep-Pak tC1g (SPE1, 0.75 g or 1 g) was prepared in 70% ethanol by gravity flow in
a glass column and washed with ~ 20 mL of 70% ethanol. Plasma in 70% EtOH (15 mL)
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was applied to the column, and allowed to flow at a rate of ~0.25 mL/min. The flow-through
and four column washes of 5 mL of 70% ethanol were collected (SPE1-Fr-1, Scheme 1). By
testing the method with a solution of 30,000 cpm [4-14C]cholesterol and [26,27-3H,]25-
hydroxycholesterol (C5-3p,25-diol) in 70% ethanol, cholesterol was found to be retained on
the column even after 4 column washes, while 25-hydroxycholesterol elutes in the flow-
through and first two column washes (>87% recovery, data not shown). Cholesterol was
eluted from the Sep-Pack column with 5 mL of 99.9% ethanol, as confirmed by
[4-14C]cholesterol (SPE1-Fr-2, Scheme 1). The column can be further stripped with three
additional 5 mL aliquots of 99.9% ethanol to elute more hydrophobic sterols. Each fraction
was dried under reduced pressure using a rotor-evaporator.

2. Oxidation with cholesterol oxidase from streptomyces sp—The sterol fractions
from above were reconstituted in 100 pL of isopropanol, and a solution of 1 mL 50 mM
phosphate buffer (KH,POy4, pH 7) containing 3.0 p.L of cholesterol oxidase (2 mg/mL in
H»0, 44 units/mg of protein) added. The mixture was incubated at 37°C for 1 hr, and then
quenched with 2 mL of methanol (Scheme 1).

3. Derivatisation with the Girard P reagent—Glacial acetic acid (150 L) was added
to the oxidation mixture above, now in ~70% methanol, followed by 150 mg GP reagent.
The mixture was thoroughly vortexed and incubated at room temperature overnight in the
dark.

4. SPE extraction of oxidised/derivatised sterols—Even when derivatised with GP
reagents, sterols may be difficult to solubilise (or retain in solution) when using a highly
aqueous mixture of methanol and water. This can make their extraction using RP-SPE
challenging. To circumvent this problem a re-cycling procedure is used24.

A bed of Sep-Pak C1g (SPE2, 1 x 0.8 cm) was prepared in a glass column and washed with
10 mL of chloroform/methanol, 50:50 (v/v), followed by 10 mL 100% of methanol, and 10
mL of 10% methanol prior to conditioning with 5 mL of 70% methanol. The derivatisation
mixture from above (~ 3 mL 70% methanol, 5% acetic acid, 3% isopropanol, containing
150 mg of GP reagent and 6 g 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% methanol. 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% methanol. This solution was
again applied to the column followed by a wash with 10 mL of 10% methanol. At this point
all the derivatised sterols are extracted by the column while excess derivatisation reagent is
in the flow-through and wash. Derivatised sterols were then eluted in two 1 mL portions of
100% methanol followed by 1 mL of chloroform/methanol 1:1 (v/v). ESI-MS analysis
revealed that the derivatised sterols were present predominantly in the second mL of
methanol.

LC-MS" on the LTQ-Orbitrap XL

Chromatographic separation of oxidised/derivatised sterols was performed on a Finnigan
Surveyor HPLC (Thermo Fisher, San Jose, CA) system utilising a Hypersil GOLD reversed-
phase column (1.9 wm particles, 50 x 2.1 mm, Thermo Fisher, San Jose, CA). Mobile phase
A consisted of 50% methanol containing 0.1% formic acid, and mobile phase B consisted of
95% methanol 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 L min and eluent directed to the API
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source of a LTQ-Orbitrap XL (Thermo Fisher, San Jose, CA) mass spectrometer29. This
instrument is a hybrid linear ion-trap (LIT) — Orbitrap analyser. lons from the APl source,
operated in the positive ESI mode, are initially stored in the LIT and analysed in either MS
or MS" (multistage fragmentation) modes. lons can be detected at the LIT detector, or
ejected axially and trapped in an intermediate C-trap from which they are “squeezed” into
the Orbitrap. Trapped ions in the Orbitrap assume circular trajectories around the central
electrode and perform axial oscillation. The oscillating ions induce an image current into the
two halves of the Orbitrap, which can be detected. The axial oscillation frequency of an ion
(w) is proportional to the square root of the inverse of 7/z, {w = (k/m/2)*%}, and the
frequencies of complex signals derived from many ions can be determined using a Fourier
transformation (FT).

The Orbitrap was calibrated externally prior to each analytical session, and mass accuracy
was in all cases better than 5 ppm. For LC-MS and LC-MS" analysis of reference
compounds, sample (3 - 30 pg/p.L in 60% methanol) was injected (10 L) onto the reversed-
phase column and eluted into the LTQ-Orbitrap at a flow-rate of 200 pL/min. Three scan
events were performed, first a FTMS scan in the Orbitrap over the /m/zrange 400 — 650 at
30,000 resolution (full width at half maximum height, FWHM, definition) followed by data
dependent MS2 and MS?2 events performed in the LIT. For the MS2 and MS2 events the
precursor-ion isolation width was set at 2 (to select the monoisotopic ion) and the
normalised collision energy at 30 and 35 (instrument settings) respectively. A precursor-ion
include list was defined according to the /7/z of the [M]* ions of expected sterols (see
supplementary Table S2) so that MS? was preferentially performed on these ions in the LIT
if their intensity 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), MS3 was performed on this fragment. To
maximise efficiency, either the MS2 or MS? event was performed at the same time as the
next high-resolution mass spectrum was being recorded in the Orbitrap29.

For the analysis of oxidised/derivatised sterols from plasma, 10 pL of the methanol eluent (2
x 1 mL) from the SepPak C1g bed SPE2 (equivalent to ~5 pL plasma, assuming all the
oxysterols elute in the methanol fractions) was diluted with 90 L of 60% methanol and 10
L injected onto the LC column (equivalent to ~0.5 pL plasma). MS, MS?2 and MS3 spectra
were recorded in a data dependent mode as described above.

LC-MS" on the LCQ

Results

Sterol analysis was additionally performed by nano-ESI and capillary-LC-ESI-MS" utilising
an LCQ ion-trap mass spectrometer (Finnigan, now Thermo Fisher Scientific, San Jose, CA,
USA) fitted with a nano-ESI source. LC separation was performed using a Hypersil Gold
C1g column (180 pm x 100 mm, 3 um, Thermo Fisher) utilising a Ultimate 3000 Capillary
HPLC system (Dionex, Surrey, UK). Further details are given in supplementary information.

The above methodology was developed as part of a programme designed for the specific
analysis of oxysterols in biological tissues and fluids23~25,28. Oxysterols are present in
both these matrices against a background of excess of cholesterol (103 — 10°)28. This
presents two major problems. The first is one of dynamic range, although the sensitivity of
the final detection system may be sufficient, the low abundance of an oxysterol in a
biological sample (e.g. ng/mL in plasma, see supplementary Table S1) may require sample
loading which results in an overloading of the system (e.g. GC or LC column) with
cholesterol (mg/mL in plasma) and the resultant degradation of performance and persistent
carry-over. Secondly, and equally importantly, is the fact that cholesterol is prone to
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autoxidation30, with the formation of oxysterols which mirror those of biological origin.
Thus, to avoid this problem it is necessary to separate, as far as possible, cholesterol from
oxysterols in an initial step. Here we have achieved this by SPE of cholesterol on a Sep-Pak
tC18 column (SPEL, 0.75 — 1 g). The method was optimised using radio-labelled
[4-14C]cholesterol and [26,27-3H,]25-hydroxycholesterol so that when added in 70%
ethanol, cholesterol is retained on the column while 25-hydroxycholesterol is in the flow-
through and 70% ethanol wash. Thus, the oxysterol fraction (SPE1-Fr-1) will contain
molecules with hydrophilicity of 25-hydroxycholesterol or greater (Scheme 1). The column
was washed further with 70% ethanol to ensure high recovery of oxysterols (recovery of 25-
hydroxycholesterol >87%, data not shown). Cholesterol and other less hydrophilic sterols
were eluted with 99.9% ethanol (SPE1-Fr-2) as confirmed with radio-labelled cholesterol.

Thus, SPE1-Fr-1 will be enriched with oxysterols, but contain all molecules with similar or
greater hydrophilicity i.e. those not retained by Sep-Pak tC18 in 70% ethanol. At this point
direct analysis by API-MS or LC-MS is possible31, but the low ionisation efficiency of
molecules without an acidic, basic or pre-charged group will make detection difficult32. Our
preference is to incorporate a positively charged group onto the sterol structure thereby
enhancing analysis by ESI-MS22-25,33. This is easily achieved by introduction of an oxo
group (where necessary) by oxidation of the 3B-hydroxy group, and subsequent
derivatisation with the GP reagent to “tag” a positively charged quaternary nitrogen to the
molecule i.e. charge-tagging (Scheme 2). The resulting oxidised/derivatised sterols give a
102 - 108 fold improvement in sensitivity and importantly give characteristic MS? spectra
(loss of 79.04 Da) and structurally informative MS3 spectra24. Using this methodology the
on-column detection limit for reference oxysterols is of the order of 1.5 pg (data not shown).
At this level, MS? and MS?2 spectra are sufficiently informative to allow structure
determination.

Previous studies using GC-MS and LC-MS have shown that 7a.-hydroxycholesterol (C°-3,
7a-diol), 24S-hydroxycholesterol and 27-hydroxycholesterol34-38; 3p-hydroxycholest-5-
en-27-oic acid, 3B, 7a-dihydroxycholest-5-en-27-oic acid (CA®-38,7a-diol) and their 3-
oxo-4-ene analogues (CA?*-3-one, CA*-7a.-0l-3-one)35,39,40; and the cholesterol 5,6-seco-
sterol 3p-hydroxy-5-0x0-5,6-secocholestan-6-al (5,6-seco-sterol) and its aldol, 3p,5p-
dihydroxy-B-norcholestane-6p-carboxyaldehyde are present in plasma4l (see
supplementary Figure S3 for sterol structures, and supplementary Table S1 for quantities).
Thus, our LC-MS methodology was developed with this in mind. Each of the above
metabolites contain a 3-hydroxy group susceptible to oxidation (or a free oxo group) and to
subsequent derivatisation. The 77/z values of the [M]* ions of the above oxidized/derivatised
sterols were incorporated into an include list (see supplementary Table S2) so that MS?
would be preferentially performed on these ions. MS3 was subsequently performed on
[M-79]" ions if observed in the MS?2 spectra.

Using this methodology ten different oxysterols were identified in plasma (see
supplementary Table S1). For example, shown in Figure 1a is the reconstructed ion
chromatogram (RIC) for m/2534.4054 (+ 5ppm) recorded at high-resolution on the LTQ-
Orbitrap. Five peaks (A — E) are clearly discernable, each of which gave a [M-79]*
fragment-ion in its MS? spectrum. Further fragmentation of the [M-79]* ions gave
structurally informative MS? spectra which in combination with exact mass, MS?2 spectra
and retention time data, and spectra and chromatograms of reference standards, allowed the
identification of the eluting compounds as oxidized/derivatised 24S-hydroxycholesterol
(peaks A & B as synand anti forms of the derivative), 27-hydroxycholesterol (peak C), 7a-
hydroxycholesterol (peak D) and 6p-hydroxycholesterol (C5-3p,6-diol) (peak E) (Figure
1b-e). Reference spectra of authentic standards are shown in supplementary data (Figure
S4). Peak D was not always observed in biological replicates from different donors. The
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absence of 7p-hydroxycholesterol (C5-3p,7p-diol), the authentic standard of which is
resolved from the 7a.- isomer by about 40 s in the LC system, and is a tell tale sign of
autoxidation, provides evidence for the gentleness of the methodology employed30. This
was further confirmed by the absence of 7-oxocholesterol (C5-3p-ol-7-one) from the RIC for
m/z532.3898 (see supplementary Figure S5a and Karu et al24). Monohydroxycholesterols
can be converted by hepatic and extrahepatic cytochrome P450 (CYP) enzymes to
dihydroxycholesterols42-45, the oxidized/derivatised versions of which give a [M]* ion
which appears at /1/z550.4003. In the RIC of this /7/z one major peak was observed which
gave MS?2 and MS3 spectra corresponding to 7a,27-dihydroxycholesterol (C°-3p,7a.,27-
triol) (Figure 2).

Our extraction procedure is suitable not only for hydroxycholesterols but also for
cholestenoic acids which are intermediates in the acidic pathway of bile acid biosynthesis44.
Thus, we plotted RICs for /7/2548.3847 and 564.3796 corresponding to the [M]* ions of
oxidised/derivatised 3p-hydroxycholest-5-en-27-oic acid and 3, 7a-dihydroxycholest-5-
en-27-oic acid, respectively (Figure 3a). Exact mass, MS2, MS? and retention time data
confirmed the presence of these acids in plasma (Figure 3, see also supplementary Figure S7
for a comparison with spectra of authentic samples). It should be noted that in this
preliminary study we chose notto discriminate between these acids and their 3-oxo-4-ene
forms generated endogenously by ubiquitous 3p-hydroxy-A®-C,7-steroid dehydrogenase. If
this is required the methodology can be replicated in the absence of bacterial cholesterol
oxidase (see route C in Scheme 1).

Recently, it has been proposed that cholesterol 5,6-seco-sterol and its aldol have
proatherogenic properties, are present in atherosclerotic plaque material, and that the aldol is
present in plasma at significantly elevated levels in humans warranting carotid
endartectomy, i.e. 29 — 706 ng/mL compared to control values of less than 4 ng/mL41. Both
the 5,6-seco-sterol and its aldol possess oxo group(s) available for GP derivatisation and
form GP derivatives24 (see supplementary Figure S3 for structures). The RIC for m/z
552.4160 corresponding to their [M]* ions revealed three peaks (see supplementary Figure
S5a), the second of which (10.24 min) eluted at a similar retention time to that of the aldol
authentic standard (supplementary Table S1). The MS? spectra recorded were similar but not
identical to those of the authentic standard presumably on account of co-eluting
contaminants. Unfortunately, there was insufficient ion-current to record an MS3 spectrum
(see supplementary Figure S8). In the current study the equivalent of 0.5 pL of plasma was
injected on-column. As the levels of oxysterols and cholestenoic acids in plasma range from
~200 pg/pL to <5 pg/pL this represents the lower limit of plasma required for the structure
determination of the low abundance compounds.

Not only oxysterols and cholestenoic acids, but also steroid hormones can be analysed by
our methodology. Although we did not optimised the chromatography for steroid hormones,
which eluted soon after the solvent front, a combination of accurate mass, MS2 and MS3
allowed the identification of an androst-5-ene-3-ol-17-one (A%-3-o0l-17-one) 3-sulphate,
almost certainly dehydroepiandrosterone (A3-3p-ol-17-one, DHEA) sulphate the most
abundant hormonal steroid sulphate in human plasma46-48, and isomeric forms of
androstan-3-ol-17-one (A-3-ol-17-one) 3-sulphate, and a 3-glucuronide (GlcA) also known
to occur in human plasma49,50 (see supplementary Table 1, Figures S5b, S9 & S10 and
supplementary Results). If analysis of hormonal steroids was to be perused further it would
be necessary to start the chromatographic separation with a lower proportion of organic
solvent in the mobile phase, this could then allow further isomer separation.

The current study has been one of sterol/steroid discovery and as such we have not
attempted to perform absolute quantification by isotope dilution mass spectrometry.
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However, our data is semi-quantitative in that once derivatised to the GP hydrazone, sterols
give an approximately equal response upon ESI124. Thus, it is possible to determine the
approximate relative abundance of different oxysterols in plasma. Our data indicates that the
ratio of 7a-hydroxycholesterol to 24S-hydroxycholesterol to 27-hydroxycholesterol is about
05:75:100, this compares to literature values for these ratios of 28:42:100 (43/64/154 in ng/
mL)34, and 28:52:100 (44/83/159 in ng/mL)35. Other studies give the ratio of 24S-
hydroxycholesterol to 27-hydroxycholesterol in plasma as 53:100 (64/120 in ng/mL)36,
60:10051 and 31:100 (57/181 in ng/mL) in males and 45:100 (63/139 in ng/mL) in
females37 (see supplementary Table S1).

Although the methodology is designed for the analysis of oxysterols, the second fraction
from the initial SPE (SPE1-Fr-2) contains cholesterol and related sterols with similar
polarity/hydrophobicity. If required this fraction can also be taken through the analytical
system and analysed after oxidation/derivatisation by LC-MS" (route B in Scheme 1). In the
case of abundant sterols, the initial SPE step can be omitted, and plasma (or blood) added
directly to cholesterol oxidase in phosphate buffer (route D in Scheme 1). This can
potentially allow the diagnosis of inborn errors of cholesterol metabolism e.g. Smith-Lemli-
Opitz syndrome (SLOS) by direct infusion or nano-ESI-MS" (see supplementary
information, Experimental and Results).

By using an initial RP-SPE (SPE1) for depletion of cholesterol and similarly hydrophobic
lipids and a second RP-SPE (SPE2) for removal of the more hydrophilic molecules (i.e.
those not retained by the column in 10% methanol) a “window” is opened on the plasma
metabolome allowing the view of oxysterols, cholestenoic acids and steroid hormones.
Other parts of the picture include phospholipids particularly lysophospholipids. Those
partially identified by accurate mass and MS? are listed in Table S3 of supplementary data.

Discussion

The methodology described herein is suitable for the analysis of a wide range of sterols/
steroids which posses either an oxo group or a 3p-hydroxy group that can be oxidised to a 3-
oxo group. At one end of the spectrum are the hydrophobic monohydroxycholesterols (or
cholesterol and dehydrocholesterols if route B or D is followed), while at the other end of
the spectrum are molecules as hydrophilic as DHEA-sulphate. The methodology provides
specificity based on MS?3 fragmentation of [M-79]* product-ions explicitly generated by the
neutral loss of pyridine (CsHsN) from the GP derivative, but is not exclusive in that other
biomolecules that fall within the hydrophilicity window selected can also be “viewed”. To
our knowledge no other methodology is suitable for the high-sensitivity (pg) analysis of
such a broad range of molecules from a biological matrix in a single experiment. GC-MS is
well documented for the analysis of hydroxycholesterols34,35 and cholestenoic acids39, but
is not suitable for the analysis of steroid sulphates or glucuronides without prior solvolysis
or hydrolysis52. Additionally, polyhydroxylated sterols even after appropriate derivatisation
for GC-MS tend to fragment in the ion-source providing only a very weak molecular ion, or
one none at all52. Alternatively, atmospheric pressure chemical ionisation (APCI)-MS can
be used for oxysterol36, cholestenoic acid38, and steroid sulphate/glucuronide
analysis53,54, but is comparatively insensitive requiring multiple reaction monitoring
(MRM) scans and often analysis relies on detection of the [M+H-H,0]* a [M+H-A]* ion
(where A is the conjugating group), thereby discarding valuable structural information. In
contrast the LC-ESI-MS" methodology described herein offers high sensitivity over a wide-
range of derivatised sterols/steroids and structurally informative MS" spectra, making this
methodology more compatible with discovery metabolomics, or more specifically
steroidomics.
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The current study has been driven by our interest in the correlation between
neurodegenerative disease and oxysterols28,55. 24S-Hydroxycholesterol is an oxysterol
formed exclusively in brain and can cross the blood brain barrier and enter the circulation,
hence its level in blood in comparison to other oxysterols e.g. 27-hydroxycholesterol, may
provide a biomarker, or indication, of the progression of neurodegenerative disease51. In
addition, the ratio of these two lipid species may serve as useful surrogate indicator of
neuronal function in response to therapeutic intervention. The development of the robust and
rapid methodology presented in this study is an important step in allowing these analytes to
be routinely monitored, and their relevance assessed, both in longitudinal disease studies and
clinical studies.

As monohydroxycholesterols, following oxidation/derivatisation, give similar response
factors in LC-ESI-MS the ratio of 24S- to and 27-hydroxycholesterol can easily be
measured. The ratio observed for the two samples reported here is 74-81:100 which is in
good agreement with the range of values found in the literature e.g. 42:10034, 52:10035,
53:10036, 60:10051, 31:100 in males and 45:100 in females37 (see supplementary Table
S1). Future studies will involve the collection of additional plasma samples to allow a
statistical appreciation of data.

3p-Hydroxycholest-5-en-27-oic acid, its metabolite 3p,7a-dihydroxycholest-5-en-27-oic
acid and their 3-o0xo-4-ene analogues are known constituents of blood39. These molecules
represent intermediates in the acidic pathway of bile acid biosynthesis following
mitochondrial hydroxylation of cholesterol by CYP27A144. In the current study we did not
attempt to distinguish between 3p-hydroxy-5-ene sterols and their 3-oxo0-4-ene metabolites
formed endogenously by ubiquitous 3p-hydroxy-A®-C,;-steroid dehydrogenase, and for
simplicity herein we classify them together as the oxidised/derivatised acids. CYP27A1 is
expressed hepatically and extrahepatically in a wide range of tissues44,56, while the
microsomal enzyme CYP7AL responsible for 7a-hydroxylation of cholesterol in the first
step of the classic pathway of bile acid biosynthesis is liver specific44. In our study we were
able to identify both 27-hydroxycholesterol and 7a-hydroxycholesterol, along with 7a,27-
dihydroxycholesterol, a further intermediated in the acidic pathway of bile acid biosynthesis,
notoriously difficult to identify in plasmad0. The enzyme responsible for 7a-hydroxylation
of 27-hydroxycholesterol and 33-hydroxycholest-5-en-27-oic acid (i.e. CYP7B1) is different
from that responsible for 7a-hydroxylation of cholesterol (i.e. CYP7A1)42,57-59. CYP7B1
is expressed in many tissues including brain Zhang27,60,61. Thus, the sequence of 27-
hydroxylation (CYP27A1 catalysed conversion of cholesterol to 27-hydroxycholesterol and
further to Cy7 acids), 7a-hydroxylation (CYP7B1) and finally 3-dehydrogenation (by
ubiquitous 3B-hydroxysteroid-A°-C,7-steroid dehydrogenase) may represent a pathway for
extrahepatic cholesterol metabolism in humans (Scheme 3)19. 7a-Hydroxy-3-oxocholest-4-
en-27-oic acid can be formed by rat fetal astrocytes and neurons from 27-hydroxycholesterol
via 3B-hydroxycholest-5-en-27-oic acid or from 3p,7a-dihydroxycholesterol via 3p,7a-
dihydroxycholest-5-en-27-oic acid27, and is abundant in chronic subdural hematoma62. It
has recently been shown that 7a-hydroxy-3-oxocholest-4-en-27-oic acid can cross an /n
vitro model of the blood brain barrier40 and is a net export product from brain. Given the
emerging connection between cholesterol and neurodegeneration, measurement of
components of the extrahepatic pathway for bile acid biosynthesis may be of importance in
respect to development of these conditions.

Of the conjugated steroids identified in our study, the most abundant, at least in terms of
signal intensity, was unsurprisingly DHEA sulphate, this molecule is present in high levels
in plasma i.e, 1000 - 3300 ng/mL46-48. Sulphated androsterone and also glucuronidated
androsterone were also observed.
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In summary, LC-MS analysis of plasma can provide a view of the metabolome. The exact
window through which the metabolome is viewed will depend on the sample preparation
method employed. In this study we have opened a widow to view a “high definition” picture
of sterols.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.

Illustration of the extraction, oxidation and derivatisation protocol applied to sterol analysis
prior to LC-MS. Plasma (0.8 mL) in 15 mL of 70% ethanol (EtOH) is loaded on the first C1g
column (SPE1, 0.75 — 1 g). Two fractions are eluted, SPE1-Fr-1 is the 70% EtOH flow-
through (15 mL) plus a 20 mL 70% EtOH column-wash (route A), while SPE1-Fr-2 is 5 mL
of 99.9% EtOH (route B). Oxysterols elute in SPE1-Fr-1, while cholesterol elutes in SPE1-
Fr-2. Each fraction is reconstituted in isopropanol (iPrOH, 100 L), and then added to a
solution of cholesterol oxidase from Streptomyces sp in phosphate buffer (0.26 U in 1 mL)
and incubated at 37°C for 1 hr. The reaction is quenched with 2 mL of methanol (MeOH),
and 150 pL of glacial acetic acid (HOAc) and 150 mg of GP hydrazine added. The solution
is incubated at room temperature for 8 hr. Derivatised sterols in the reaction mixture (70%
MeOH, 5% HOACc, 3% iPrOH) are separated from un-reacted reagent by re-cycling solid
phase extraction on a second C1g column (SPE2, 1 x 0.8 cm). The initial eluent is diluted
with water to reduce its organic content by half, and re-cycled through the column and
diluted again to eventually reach 17% MeOH which is finally re-cycled through the column.
The flow-through and a column-wash (10 mL of 10% MeOH) are discarded and sterols
eluted in 100% MeOH (2 x 1 mL) and MeOH/CHCI3 (1:1, v/v, 1 mL). In our study most
attention has been paid to oxysterol analysis (SPE1-Fr-1), route A. Although cholesterol and
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similarly hydrophobic sterols can also be analysed (SPE1-Fr-2), route B. To distinguish
between sterols which “naturally” posses an oxo group and those which are derivatised to
contain one, route C can be followed in parallel to either or both of routes A and B. For the
analysis of the most abundant sterols in blood or plasma, route D can be followed where the
fluid, or a spot of blood applied to filter paper, can be treated directly with cholesterol
oxidase.
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1,

Cholesterol Oxidase

HO Ca7H460, o Cy7H4s0,
Exact Mass: 402.3498 Exact Mass: 400.3341
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OH
////,' X
=
'T‘ Ca4H52N30,"
HN (€] Exact Mass: 534.4054
Y\N AN
)
Scheme 2.

Oxidation of sterols with cholesterol oxidase and derivatsation with GP hydrazine i.e.
charge-tagging. Oxidation/derivatisation of 24S-hydroxycholesterol is shown as an example.
Note, some confusion can arise concerning the nomenclature used to describe 27-
hydroxycholesterol, which was previously denoted as 26-hydroxycholesterol. According to
rules of priority of numbering the correct description of 27-hydroxycholesterol is 25R,26-
hydroxycholesterol, however, as the medical community uses the name 27-
hydroxycholesterol, we will use this name in this article.
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RIC for m/z534.4054 (+ 5 ppm) corresponding to the [M]* ion of oxidised/derivatised
monohydroxycholesterols in plasma (a). MS? (534—; upper panels) and MS3 (534—455—;
lower panels) spectra of the oxidised/derivatised monohydroxycholesterols eluting at 7.77
(b), 8.26 (c), 10.25 (d) and 10.71 min (e). These spectra are consistent with those of
oxidised/derivatised 24S-hydroxycholesterol (b), 27-hydroxycholesterol (c), 7a-
hydroxycholesterol (d), and 6B-hydroxycholesterol (e), respectively. The RIC was plotted
from mass spectra recorded in the Orbitrap analyser, the MS? and MS3 spectra were
recorded by the LIT. Chromatographic conditions are described in the Experimental.
Fragmentation nomenclature is illustrated in supplementary Figure S6.
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RIC for m/z550.4003 (+ 5 ppm) corresponding to the [M]* ion of oxidised/derivatised
dihydroxycholesterols in plasma (a). MS? (550—; upper panel) and MS? (550—471—;
lower panel) spectra of the oxidised/derivatised dihydroxycholesterol eluting at 6.72 min (b).
These spectra are consistent with those of oxidised/derivatised 7a.,27-dihydroxycholesterol.
The peaks eluting at 6.30 and 7.46 min were of insufficient intensity to allow interpretation
from MS" spectra. The RIC was plotted from mass spectra recorded in the Orbitrap analyser,
the MS2 and MS3 spectra were recorded by the LIT. Chromatographic conditions are
described in the Experimental section.
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RICs for m/z548.3847 (upper panel) and 564.3796 (lower panel), both at a mass tolerance
of 5 ppm, corresponding to the [M]* ions of oxidised/derivatised hydroxychoestenoic and
dihydroxycholestenoic acids in plasma (a). MS?2 (548—>; upper panel) and MS3
(548—469—>; lower panel) spectra of the oxidised/derivatised hydroxychoestenoic acid
eluting at 8.08 min (b), and the MS? (564—; upper panel) and MS? (564—485—; lower
panel) spectra of the oxidised/derivatised dihydroxycholestenoic acid eluting at 6.55 min (c).
These spectra are consistent with those of oxidised/derivatised 3p-hydroxychoest-5-en-27-
oic acid (b), and 3p,7a-dihydroxychoest-5-en-27-oic acid (c). The second peak in the RIC
of m/z564.3796 at 7.20 min is the syr/antiisomer of that eluting at 6.55 min. The RICs
were plotted from mass spectra recorded in the Orbitrap analyser, the MS2 and MS? spectra
were recorded by the LIT. Chromatographic conditions are described in the Experimental.
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Scheme 3.

Extrahepatic metabolism of cholesterol. The liver specific 7a-hydroxylation by CYP7AL is
shown by the broken red arrow. Extra hepatic enzymes are shown in blue.
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