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Cholesterolomics can be regarded as the identiﬁcation and quantiﬁcation of cholesterol, its precursors
post squalene, and metabolites of cholesterol and of its precursors, in a biological sample. These molecules include 1,25-dihydroxyvitamin D3, steroid hormones and bile acids and intermediates in their
respective biosynthetic pathways. In this short article we will concentrate our attention on intermediates
in bile acid biosynthesis pathways, in particular oxysterols and cholestenoic acids. These molecular
classes are implicated in the aetiology of a diverse array of diseases including autoimmune disease,
Parkinson's disease, motor neuron disease, breast cancer, the lysosomal storage disease Niemann-Pick
type C and the autosomal recessive disorder Smith-Lemli-Opitz syndrome. Mass spectrometry (MS) is
the dominant technology for sterol analysis including both gas-chromatography (GC)-MS and liquid
chromatography (LC)-MS and more recently matrix-assisted laser desorption/ionisation (MALDI)-MS for
tissue imaging studies. Here we will discuss exciting biological ﬁndings and recent analytical
improvements.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

1.1. 25-Hydroxycholesterol and immunity

Gas chromatography e mass spectrometry (GC-MS) with the
utilisation of stable-isotope labelled standards is the gold standard
methodology for the analysis of neutral cholesterol metabolites
[1e3]. Acidic metabolites are efﬁciently analysed by liquid chromatography (LC)-MS, where optimal analysis is similarly performed with the use of isotope labelled standards [4,5]. GC-MS with
appropriate derivatisation is also suitable for analysis of acidic
metabolites [6], while LC-MS can also be used for the analysis of
neutrals with appropriate ionisation additives or derivatisation
methods [7e12]. GC-MS methods tend to incorporate a saponiﬁcation step and measure a combination of both esteriﬁed and nonesteriﬁed sterols, while LC-MS methods may or may not include
base hydrolysis. Using MS methods, a number of exciting discoveries have recently been made. In this short review we will cover
the discoveries of most interest to the authors and discuss analytical improvements since our review of analytical methods in 2011
[7].

25-Hydroxycholesterol (25-HC) is formed from cholesterol by
the enzyme cholesterol 25-hydroxylase (CH25H) and also by other
sterol hydroxylases as a minor side-product [13]. It can be 7ahydroxylated by the enzyme oxysterol 7a-hydroxylase, cytochrome P450 (CYP) 7B1, to give 7a,25-dihydroxycholesterol
(7a,25-diHC, Fig. 1). Until recently 25-HC was regarded by
analytical biochemists as a minor oxysterol, present at only low
levels in plasma (ng/mL), cerebrospinal ﬂuid (CSF, < ng/mL) and
most tissues (ng/g). Note, Supplementary Tables S1 and S2 published in Ref. [7] provide lists of literature values for oxysterols
measured prior to 2011. However, Diczfalusy et al. found that
lipopolysaccharide (LPS; endotoxin) injection to healthy volunteers more than doubled the plasma concentration of 25-HC,
while treatment of mouse bone-marrow derived macrophages
resulted in a 35-fold increase in expression of Ch25h [14]. This
ﬁnding strongly links 25-HC with the immune system. The oxysterol measurements were made using the classical GC-MS
methodology as described by Dzeletovic et al. exploiting isotope
dilution mass spectrometry for quantiﬁcation [1]. About the same
time as Diczfalusy et al.'s study was performed, Baumann et al.
reported that activation of the Toll-like receptor 4 (TLR4) by Kdo2Lipid A, an LPS substructure with endotoxin activity, resulted in
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synthesis of 25-HC in mouse intraperitoneal macrophages and an
increase in expression of Ch25h [15]. Baumann et al. found that
treatment of naïve B cells with nanomolar concentrations of 25HC suppressed interleukin (IL)-2-mediated stimulation of B cell
proliferation, repressed activation-induced cytidine deaminase
expression, and blocked class switch recombination, leading to
markedly decreased immunoglobulin A (IgA) production [15].
They concluded that suppression of IgA class switching in B cells
by macrophage-derived 25-HC in response to TLR activation provides a mechanism for local and systemic negative regulation of
the adaptive immune response by the innate immune system [15].
In their study, oxysterol measurements were performed by LC-MS
using the methodology of McDonald et al. [16]. Dendritic cells (DC)
are antigen presenting cells of the mammalian immune system,
acting as messengers between the innate and adaptive immune
systems. Like macrophages, DCs respond to TLR activation by
increasing the expression of Ch25h [17]. Park and Scott found that
induction of Ch25h was mediated by type 1 interferons (IFNs)
through the IFN receptor (IFNR) and the JAK/STAT1 pathway
[17,18]. The three studies by Diczfalusy et al., Baumann et al. and
Park and Scott identiﬁed 25-HC as an important bioactive lipid in
the innate and adaptive immune systems and as an important
modulator of the immune response to infection [14,15,17,18].
While LPS is an endotoxin, a toxin of the bacterial cell wall, which
activates TLRs leading to transcription and translation of cholesterol 25-hydroxylase in macrophages and secretion of 25-HC, viral
infection can result in a similar response by macrophages. Blanc
et al. showed that upon viral infection or IFN stimulation, Ch25h is
up-regulated via STAT1 activation leading to 25-HC secretion by
macrophages as a potent paracrine inhibitor of many viral infections [19]. In this study Blanc et al. used LC-MS with multistage
fragmentation (MSn) exploiting “enzyme-assisted derivatisation
for sterol analysis” (EADSA, see below) to proﬁle for essentially
every known oxysterol [19,20]. Only 25-HC was secreted by
macrophages upon infection or IFN stimulation [19]. In a follow-up
study Robertson et al. found that an IFN-regulated microRNA
(miRNA), i.e. small non-coding RNA that functions in the posttranscriptional silencing of speciﬁc genes, suppressed the cholesterol biosynthesis pathway in activated macrophages as part of the
antiviral response [21]. This miRNA, called miR-342-5p, suppressed the pathway at multiple levels: transcriptionally via
SREBF2; post-transcriptionally via another miRNA, miR-33; and
enzymatically via the genes IDI1 (isopentenyl pyrophosphate
isomerase 1) and SC4MOL (methylsterol monooxygenase 1).
SREBF2 is the gene encoding sterol regulatory-element binding
protein 2 (SREBP2), the master transcription factor regulating the
cholesterol synthesis pathway; miR-33 is located within an intron
of SREBF2 and regulates cholesterol homeostasis; while IDI1 and
SC4MOL code for enzymes in the cholesterol synthesis pathway.
Robertson et al. found that cholesterol and intermediates in its
biosynthesis were reduced as part of the macrophage IFN antiviral response [21]. LC-MSn was used exploiting EADSA to quantify cholesterol and its precursors.
25-HC is a ligand of the liver X receptors (LXR) a and b,
members of the nuclear receptor superfamily [22] and a regulator
of the processing of SREBP2 to its active form as a transcription
factor [23]. Reboldi et al. have suggested that by repressing
SREBP2 processing 25-HC reduces Il1b transcription and represses
IL1-activating inﬂammasomes [24]. Reboldi et al. concluded that
25-HC is a critical mediator in the negative-feedback pathway of
IFN signalling on IL1-family cytokine production and inﬂammasome activity [24]. This data suggests that reduced synthesis of 25HC, or its enhanced metabolism, may be involved in the etiology of
autoimmune disease.
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1.2. 7a,25-Dihydroxycholesterol is a ligand to the G-Protein coupled
receptor - EBI2
7a,25-diHC is usually formed by CYP7B1 mediated hydroxylation of 25-HC. It is present at low levels in both plasma (<ng/mL)
and CSF (<ng/mL) [25]. It was found in two independent studies by
the pharmaceutical companies Johnson & Johnson [26] and
Novartis [27], who published back-to-back papers in Nature in 2011,
that 7a,25-diHC is a ligand to the G-protein-coupled receptor
(GPCR) EBI2 or GPR183. 7a,25-diHC was found to be a potent
agonist of EBI2 and to act as chemoattractant for immune cells
expressing EBI2 by directing cell migration in vitro and in vivo.
Similar to EBI2 receptor knockout mice, mice deﬁcient in Ch25h
failed to position activated B cells within the spleen to the outer
follicle and mount a reduced plasma cell response after an immune
challenge indicating that the EBI2-oxysterol signalling pathway has
an important role in the adaptive immune response [27]. The
identiﬁcation of 7a,25-diHC as the natural ligand for EBI2 was
achieved by activity-based puriﬁcation linked with electrospray
ionisation (ESI) - high resolution MS. Accurate mass measurements
allowed identiﬁcation of ions corresponding to [MþHeH2O]þ,
[MþHe2H2O]þ, [MþNa]þ and [MþCH3CO2]- of the molecule (M) of
formula C27H46O3. Database searches for this formula revealed a
dihydroxycholesterol. Of the compounds tested both 7a,25-diHC
and 7b,25-diHC were found to activate the EBI2 receptor. NMR
analysis of puriﬁed material identiﬁed 7a,25-diHC as the endogenous compound [27].
1.3. 7b,26-Dihydroxycholesterol and cholesterol precursors are
agonists towards RORgt
The RAR-related orphan receptor gamma t (RORgt) is a nuclear
receptor required for generating IL-17-producing CD4(þ) Th17 T
cells, which are essential in host defence and may play key pathogenic roles in autoimmune diseases. Soroosh et al. using EADSA
technology were able to identify 7b,26-dihydroxycholesterol
(7b,26-diHC, also commonly called 7b,27-dihydroxycholesterol,
Fig. 1) as an agonist of RORgt which could be synthesised by in vitro
differentiated Th17 cells [28]. Note we use here the systematic
nomenclature where hydroxylation of the terminal carbon of
cholesterol is at C-26 [29]. This ﬁnding still further highlights the
involvement of oxysterols in the immune system.
Two other groups have also found sterols to be ligands to RORgt.
Santori et al. by overexpression, RNAi, and genetic deletion of
metabolic enzymes found a cholesterol biosynthetic intermediate
downstream of lanosterol and upstream of zymosterol to activate
RORgt [30]. Immunoprecipitation of RORg followed by LC-MS and
GC-MS analysis of bound lipids identiﬁed a compound with mass
compatible of a hydroxylanosterol, but exact identiﬁcation was not
achieved. In a further study, Hu et al. found the cholesterol precursor desmosterol to be an endogenous RORg agonist [31].
1.4. 24S,25-Epoxycholesterol in Parkinson's disease and
cholestenoic acids in motor neuron disease
In 2009 Sacchetti et al. reported that an unknown compound
promoted ventral midbrain neurogenesis in vivo and in human
embryonic stem cells through activating the LXR nuclear receptor
[32]. In collaboration with Ernest Arenas' group at Karolinska
Institute we sought to identify the active molecule. By analysing
ventral midbrain from embryonic mouse we found using EADSA
and LC-MSn high levels (400 ng/g) of the LXR agonist 24S, 25epoxycholesterol (24S, 25-EC) and conﬁrmed that this molecule
promoted dopaminergic neurogenesis (Fig. 1) [33]. 24S, 25-EC
promoted dopaminergic differentiation of embryonic stem cells,
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Fig. 1. Synthesis and metabolism of repressors of SREBP processing and LXR ligands, 24S,25-EC, 25-HC, of the EBI2 ligand 7a,25-diHC and of the RORgt ligand 7b,26-diHC. Shown in
the inset is 24S-HC, a repressor of SREBP processing and an LXR ligand formed from cholesterol by the enzyme CYP46A1. Full stereochemistry is shown only for the initial sterols in
the pathways. Systematic names given in parenthesis. Enzymes are indicated where known. A broken arrows indicates a postulated pathway with associated enzyme.
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suggesting that LXR ligands may contribute to the development of
cell replacement therapies for Parkinson's disease (PD).
Not only are LXR ligands likely to be important in dopaminergic
neurogenesis, Andersson et al. have shown that deletion of LXRb,
the predominant isoform in the central nervous system (CNS), results in adult-onset motor neuron degeneration [34]. What might
then be the LXR ligand which is protective towards motor neurons?
Clues to the answer to this question come from the disorder called
hereditary spastic paresis type 5 (SPG5) which is a genetic disorder
which presents with motor neuron loss. From analysis of plasma
and CSF of patients with SPG5 we found that levels of the cholesterol metabolite 3b,7a-dihydroxycholest-5-en-(25R)26-oic acid
(3b,7a-diHCA, Fig. 2) are reduced (in plasma from 39.40 ± 3.95 ng/
mL, mean ± SE, in controls to 5.21 ± 3.09 ng/mL in SPG5 patients
and in CSF from 2.12 ± 0.39 ng/mL in controls to 0.47 ± 0.44 ng/mL
in SPG5 patients) [25]. This is a consequence of mutations in the
CYP7B1 gene. We were able to show that 3b,7a-diHCA promoted
motor neuron survival in an LXR-dependent manner, and that
another metabolite elevated in SPG5, 3b-hydroxycholest-5-en(25R)26-oic acid (3b-HCA, elevated in plasma to 368.40 ± 65.27 ng/
mL from 81.12 ± 4.31 ng/mL in controls, and in CSF to
20.14 ± 2.76 ng/mL from 0.96 ± 0.10 ng/mL in controls), was toxic
towards motor neurons. Our results indicate that speciﬁc cholestenoic acids selectively work on motor neurons, to regulate the
balance between survival and death [25].
1.5. 24S-Hydroxycholesterol in the CNS and other tissue
24S-Hydroxycholesterol (24S-HC) is synthesised in neurons of
the CNS from cholesterol via the enzyme CYP46A1 [13]. It has been
suggested as a potential marker of neurodegeneration [3]. Neurodegeneration can be associated with increased levels of 24S-HC and
26-hydroxycholesterol
(26-HC,
commonly
called
27hydroxycholesterol, 27-HC) in CSF, probably due to the release of
oxysterols from dying neuronal cells or in the case of 26-HC due to
defects in the blood brain barrier (BBB). On the other hand concentrations of 24S-HC in the circulation can reﬂect the number of
biologically active neurons and CNS cholesterol turnover [3].
€ rkhem et al. have found using classical GC-MS
Recently, Bjo
methods that concentrations of 24S-HC in CSF of PD patients
correlate with the duration of the disease but plasma levels are
within the normal range [35]. In a similar study investigating the
effect of natalizumab treatment on oxysterol levels in patients with
relapsing remitting multiple sclerosis, again using classical GC-MS
methods, Novakova et al. found that drug treatment reduced the
levels of 24-HC and 26-HC in CSF following treatment. This was
explained by reduced neuronal damage and restored BBB integrity
upon treatment [36].
In 2006 David Russell's group at University of Texas Southwestern Medical Center showed that knock out of Cyp46a1 in mice
resulted in severe deﬁciencies in spatial, associative and motor
learning [37]. It was suggested that a continuous formation of 24SHC is required for a sufﬁcient ﬂux through the mevalonate pathway
for formation of adequate levels of isoprenoids, such as ger€rkhem's group in
anylgeraniol, critical for memory function [37]. Bjo
Sweden have now generated a homozygous mouse overexpressing
human HA-tagged CYP46A1 [38]. Unsurprisingly, plasma levels of
24-HC, as determined by classical GC-MS methods, were elevated
6e7 fold and also elevated in brain from 31 ± 1 ng/mg tissue in wild
type (wt) to 40 ± 0 ng/mg tissue in the homozygous overexpressing
animals. Lanosterol, a marker of cholesterol biosynthesis, was
signiﬁcantly increased in brain of the homozygous overexpressing
animals, but cholesterol in brain was not signiﬁcantly different
between wt and transgenic animals [38]. When tested in the Morris
water maze, 15 month old female animals showed an improvement

Fig. 2. Early steps of the “acidic” bile acid biosynthesis pathway generating 3b-HCA
and 3b,7a-diHCA, two cholestenoic acids regulating the survival and death of motor
neurons. Full stereochemistry is shown only for the initial sterol in the pathway.
Systematic names given in parenthesis. Enzymes are indicated where known.

in spatial memory. These results indicate that ﬂux through the
mevalonate pathway is important for cognitive functions in brain.
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Mounting evidence indicates that CYP46A1 is expressed in cells
other than neurons. In a very recent study exploiting EADSA for
oxysterol analysis Soncini et al. found 24S-HC increased in the
pancrease of a mouse model of pancreatic neuroendocrine tumour
(pNET) development [39]. They showed that hypoxia inducible
factor (HIF-1a) controls the over expression of CYP46A1 in the
mouse model of pNET which ultimately leads to induction of the
angiogenic switch through positioning of proangiogenic neutrophils in proximity of CYP46A1þ islets [39].

approved as anti-cancer drugs, the discovery of DHCEO as an inhibitor of Hh signalling may provide a new lead for anticancer drug
development. In this regard we have found that 3b-hydroxy-7oxocholest-5-en-(25R)26-oic acid (3bH,7O-CA), a metabolite of
26H, 7O-C, is an inhibitor of Hh signalling, presumably through
interaction with Smo at the CRD binding pocket [47].

1.7. Oxysterols and breast cancer
1.6. Oxysterols and the Hedgehog signalling pathway
In the sections above, the involvement of oxysterols in the immune and nervous systems has been discussed. Molecules with
similar, but not exactly the same structures are also of great
importance in the Hedgehog (Hh) signalling pathway which controls numerous aspects of embryonic patterning and regeneration
of postembryonic tissues [40e42]. Insufﬁcient Hh signalling can
result in a range of birth defects, and inappropriate pathway activity is linked to human malignancies such as basal cell carcinoma
and medulloblastoma. The pathway is activated by binding of the
cholesterol modiﬁed Hh protein to its receptor protein Patched 1
(Ptch1). This releases inhibition on the oncoprotein Smoothened
(Smo) by Ptch1, with resultant pathway activation. The Hh pathway
is modulated through Smo by a number of mechanisms, (i) there is
a requirement for cellular sterols, (ii) the pathway is activated by
speciﬁc oxysterols and (iii) the pathway may be inactivated or
activated by binding of ligands at the so called cyclopamine binding
pocket. Smo is a seven transmembrane protein with an extracellular cysteine rich domain (CRD). It belongs to the GPCR family and
shows structural similarity to the Frizzled (Fz) Wnt receptors.
Cyclopamine is a plant alkaloid with an A/B ring system similar to
that found in cholesterol, and its binding pocket is within the
transmembrane domain (TMD) of Smo. On the other hand, oxysterols which activate Smo bind to the extracellular CRD [40e42].
Very recently, Byrne et al. have shown that the putative oxysterol
binding site in the CRD of Smo can also bind cholesterol which
occupies the CRD groove stabilising a resting conformation poised
to respond to Hh signals. Byrne et al. suggested that oxysterols can
displace cholesterol and produce a conformational change that
leads to Smo activation [43]. Interestingly, the CRD of the NiemannPick C1 (NPC1) protein also binds cholesterol (see below). 20SHydroxycholesterol (20S-HC, Fig. 3) has been known for some time
as an activator of Hh signalling through interacting with Smo. This
is believed to be at the CRD. However, 20S-HC has only once been
reported as an endogenous molecule in animals and this ﬁnding
has not been conﬁrmed subsequently [44,45]. Smith-Lemli-Opitz
syndrome (SLOS, see below) is an autosomal recessive disorder
which can present with features compatible with disordered Hh
signalling [46]. It is characterised by deﬁciency in the enzyme 7dehydrocholesterol reductase (DHCR7), leading to elevated concentrations of 7-dehydrocholesterol (7-DHC) and 7-oxocholesterol
(7O-C) in the circulation. 7O-C can be further metabolised to both
26-hydroxy-7-oxocholesterol (26H,7O-C, commonly called 27hydroxy-7-oxocholesterol)
and
25-hydroxy-7-oxocholesterol
(25H,7O-C, Fig. 3) [47]. Myers et al. have shown that both
26H,7O-C and 25H,7O-C activate the Hh signalling pathway by
binding to the CRD of Smo [40]. In contrast to these two dihydroxycholest-5-en-7-one sterols, another cholesterol derivative
3b,5a-dihydroxycholest-7-en-6-one (DHCEO, Fig. 3) also derived
from 7-DHC, but by free radical oxidation, has been found to be an
inhibitor of Hh signalling, apparently by a mechanism distinct from
that employed by side-chain oxysterols [48]. As over activity of the
Hh pathway is linked to some cancers, and inhibitors of Smo which
act by binding to the cyclopamine pocket of the TMD have been

Two papers published in November 2013 describe a link between 26-HC and breast cancer [49,50]. Nelson et al. found that 26HC promoted tumour growth and metastasis in mouse models of
breast cancer by acting via the estrogen receptor a (ERa) and LXR,
respectively [49]. Aggressive breast cancers were found to express
high levels of CYP27A1, the enzyme converting cholesterol to 26HC (Fig. 4), indicating that 26-HC within tumours may contribute
to the disease. Nelson et al. speculated that lowering circulating
levels of 26-HC or inhibiting its synthesis by CYP27A1 may offer a
strategy to prevent or treat breast cancer [49]. In the second paper,
Wu et al., found that 26-HC stimulates MCF-7 cell xenograft growth
in mice [50]. In ERþ breast cancer patients the 26-HC content in
normal breast tissue was increased compared to that in cancer-free
controls, and tumour 26-HC content was further elevated [50]. In
this second study oxysterol measurements were made by LC-MS
using the methodology outlined in Ref. [51]. In a more recent
study, Simigdala et al. found by global gene expression studies that
the cholesterol biosynthesis pathway was up-regulated in
ERþ long-term estrogen deprivation (LTED) cell lines but not ERe
LTED cell lines [52]. ERþ breast cancer cells express ERa, while ERcells do not. LC-MS analysis, exploiting EADSA, revealed elevated
levels of 25-HC in MCF7 LTED cells. Further studies showed that
exogenous 25-HC or 26-HC increased ER-mediated transcription
and expression of endogenous estrogen-regulated genes [52]. The
authors concluded that elevated levels of 25-HC or 26-HC may
explain resistance to endocrine therapy in ERþ breast cancer patients and has potential as a therapeutic target [52].
While 25-HC and 26-HC are implicated in the cause of breast
cancer, another oxysterol, dendrogenin A (DDA) may be an
important tumour suppressor. DDA is formed by the stereo speciﬁc
nucleophilic addition of histamine to cholesterol-5a,6-epoxide
(5a,6-EC, Fig. 4) and Poirot and colleagues have shown that DDA
causes cancer cell differentiation and has anticancer properties
both in vitro and in vivo [53]. 5a,6-EC is usually thought of as a nonenzymatic product of cholesterol, but there is some evidence for its
enzymatic formation [54,55]. 5a,6-EC and its epimer, 5b,6-EC, are
both ligands to the microsomal antiestrogen binding site (AEBS), a
hetero-oligomeric protein to which tamoxifen, a drug which binds
to the ERa receptor, also binds. The AEBS shows cholesterol-5,6epoxide hydroxylase (ChEH) activity, converting 5,6-EC to cholestane-3b,5a,6b-triol (C-triol) and inhibition of ChEH activity by e.g.
tamoxifen, induces cancer cell re-differentiation through accumulation of the DDA precursor 5a,6-EC and its epimer [53]. Interestingly, the AEBS is made up of two subunits, 3b-hydroxysteroidD8,D7-isomerase (D8D7I) and DHCR7, two enzymes of the cholesterol biosynthesis pathway. Using LC with nano-ESI-MS de Medina
et al. characterised DDA in mouse brain, the multiple nitrogens on
the histamine tail facilitating ionisation, and determined reduced
concentrations in breast tumours compared to controls [53].
Furthermore, DDA was not present in breast cancer or melanoma
cell lines. It seems likely that the anticancer action of DDA is
through the immune system as DDA treatment was found to
stimulate T lymphocytes and dendritic cells inﬁltration of engrafted
tumours in mice [53].

Fig. 3. Synthesis and metabolism of oxysterol modulators of Hh signalling. Some of the oxysterols are prevalent in patients suffering from NP-C disease or SLOS. Full stereochemistry is shown only for the initial sterols in the pathways. Systematic names given in parenthesis. Enzymes are indicated where known. Broken arrows indicate postulated
pathway and enzyme.
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Fig. 4. Oxysterols implicated in the cause of cancer and metabolism of 5,6-EC. Full stereochemistry is shown only for the initial sterol in the pathways. Systematic names given in
parenthesis. Enzymes are indicated where known. Broken arrows indicate postulated pathway.

1.8. Niemann-Pick type C disease
Niemann-Pick type C (NP-C) disease is characterised by
cholesterol accumulation in lysosomes and aberrant regulation of
cholesterol homeostasis. It is an autosomal recessive disorder with
progressive neurodegeneration leading to death in early childhood.
Two proteins implicated in NP-C are the 13-transmembrane NPC1
and the secreted NPC2. Interestingly, NPC1 shares signiﬁcant homology with Ptch1 [56] and also has a lipid binding protein fold
conserved within N-terminal CRDs of Fz receptors, which include
Smo [57]. In 2001 Alvelius et al. found high levels of bile acids with
a 3b-hydroxy-5-ene structure carrying a 7-oxo or 7b-hydroxy
group in urine and plasma from an NP-C patient by exploiting GCMS and nano-ESI-MS methods (Fig. 3) [58]. Since then, 7O-C, a
precursor of both the 7-oxo and 7b-hydroxy acids has been proposed as a plasma biomarker for NP-C disease [59]. Formation of
the former acid proceeds through 26H,7O-C (Fig. 3), which is a
ligand to Smo as discussed above, while the latter acid can also be
generated through the same pathway but also via 7b,26-diHC
(Fig. 1). The linkage between NPC1, Ptch and Smo proteins and
the NP-C and SLOS metabolite 26H,7O-C is very intriguing.
Besides 7O-C, C-triol has been shown to be a biomarker for NPC, and methods have been developed based on GC-MS [59] and LC-

MS with derivatisation to dimethylglycine esters for its analysis
(see below) [12,60]. Using this derivatisation method and LC-MS,
Klinke et al. demonstrated that not only NP-C, but also NP-A and
NP-B, which have a similar clinical picture to NP-C, show elevated
levels of 7O-C and C-triol in plasma [61]. A danger of making a
clinical diagnosis based on 7O-C and C-triol is that the former is a
direct autoxidation product of cholesterol, while the latter can be
formed by hydrolysis of 5,6-EC, which may similarly be formed via
autoxidation. Autoxidation of cholesterol can occur during sample
handling in air [62].
To avoid the problem of autoxidation, Mazzacuva et al. have
developed an LC-MS method utilising negative-ion ESI for the
analysis of the conjugated bile acids 3b-hydroxy,7b-N-acetylglucosaminylchol-5-enoic acid (Fig. 3) and 3b,5a,6b-trihydroxycholanoyl-glycine (Fig. 4) both of which accumulate in NP-C
plasma and are enzymatically derived metabolic products of 7O-C
and C-triol, respectively [63]. As the GlcNAc transferase, UGT3A1, is
commonly mutated and inactive, 3b,5a,6b-trihydroxycholanoylglycine was concluded to be the better marker of NP-C [63]. A
second piece of evidence for this conclusion is that we have
recently shown that 3b-hydroxy, 7b-N-acetylglucosaminylchol-5enoic acid is also a metabolic product found in patients with SLOS
[47].
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Fig. 5. Some primary products of 7-DHC oxidation found in patients with SLOS. Further metabolic products are shown in Fig. 3. Full stereochemistry is shown only for the initial
sterol in the pathways. Systematic names given in parenthesis. Enzymes are indicated where known. Broken arrows indicate postulated pathway.

1.9. Smith-Lemli-Opitz-syndrome

2. Analytical improvements

SLOS is a severe autosomal recessive disorder resulting from
defects in the cholesterol synthesising enzyme DHCR7, leading to a
build-up in the cholesterol precursor 7-DHC and its isomer 8-DHC
in tissues and blood plasma (Figs. 3 and 5) [46]. The phenotypic
spectrum of SLOS is very broad. Severe cases die in utero, mild cases
show only minor physical, learning and behavioural problems.
Limb abnormalities are, however, common in SLOS patients [46].
For diagnosis, levels of 7-DHC are usually measured by GC-MS,
however, recently Liu et al. have developed an LC-MS method
based on derivatisation with 4-phenyl-1,2,4-triazoline-3,5-dione
(PTAD, Fig. 6) through a Diels-Alder cycloaddition which is applicable for analysis of sterols with a 5,7-diene structure as in 7-DHC
(see below) [9].
Using LC-MSn incorporating EADSA technology we recently
proﬁled oxysterols derived from 7-DHC and 8-DHC in human
plasma [64]. We found a novel hydroxy-8-dehydrocholesterol,
where hydroxylation was either at C-24 or C-25 [64], and also
identiﬁed
the
known
metabolites
26-hydroxy-8dehydrocholesterol [65], 4-hydroxy-7-dehydrocholesterol [66],
7a,8-epoxycholesterol (7a,8-EC) [67] and DHCEO [68] (Fig. 5). None
of these metabolites were detected in control plasma at quantiﬁable levels (0.5 ng/mL) [64]. Importantly, this was the ﬁrst identiﬁcation of DHCEO in human plasma, although it has been found to
be a major product of 7-DHC free radical oxidation in tissues and
ﬂuids from a rat model of SLOS [69]. We also found elevated levels
of 7O-C in SLOS plasma [67], in agreement with an earlier study by
Liu et al. [66]. Shinkyo et al. have shown that 7O-C can be formed
from 7-DHC by CYP7A1 (Fig. 3), this explains its high level in SLOS
plasma [70], 7a,8-EC is formed as a side-product to this reaction
(Fig. 5) [67,70]. In a very recent study, using LC-MSn and EADSA, we
have found that 7O-C can be further metabolised in SLOS patients
to 26H,7O-C and also 25H,7O-C, and that the former compound can
be metabolised further to 3bH,7O-CA (Fig. 3) [47]. Importantly,
SLOS is a genetic disease that phenocopies aberrant Hh signalling
and 26H,7O-C and 25H,7O-C are activators of Hh signalling [40]
while 3b,7O-CA is an inhibitor [47].

Since our review of “Oxysterol Metabolomes” in 2011 [7], there
have been a number of improvements in analytical methods for the
analysis of oxysterols and related compounds. McDonald and colleagues in Dallas have reﬁned their LC-MS methods which are now
applicable for analysis of more than 50 sterols and oxysterols from
only 200 mL of plasma with detection limits of 1 ng/mL [8,51]. In an
effort to improve sensitivity, there has been a revival of interest of
exploiting derivatisation chemistry to enhance LC-MS analysis of
oxysterols. Our preference is for EADSA where oxysterols are ﬁrst
oxidised at C-3 to a 3-oxosteroid, usually by conversion of the 3bhydroxy group to a 3-oxo with cholesterol oxidase, then reaction
with the Girard P (GP) reagent to enhance ESI signal and direct
fragmentation upon MS/MS or MSn (Fig. 6) [11,71]. A disadvantage
of this method is that it requires duplicate analysis, (a) with, and (b)
without, addition of cholesterol oxidase to differentiate between
compounds that naturally contain a 3-oxo group and those that
naturally contain a 3b-hydroxy group (see Fig. 6B). We have now
introduced a [2H5]GP reagent which allows the (a) and (b) fractions
to be analysed simultaneously by LC-MSn. Derivatisation with Girard reagents offers improved speciﬁcity and sensitivity and this has
been exploited by other groups using mainly the Girard T (GT) reagent rather than GP [28,39,52]. Impressively, using EADSA and GT
derivatisation Roberg-Larsen et al. were able to show that 26-HC is
elevated in exosomes from an ERþ breast cancer cell line derived
from only 200,000 cells [72]. This group use low ﬂow-rate chromatography with ESI to enhance sensitivity and incorporate on-line
solid-phase extraction for sample clean-up. Of the various other
derivatisation methods, the one developed by Jiang et al. [73]
where the free hydroxy group(s) is derivatised with N,N-dimethylglycine (DMG) has become popular for identiﬁcation of NP-C
disease (Fig. 6C) [12,61]. This method suffers from an inherent
lack of speciﬁcity on account of the prevalence of hydroxycontaining molecules in nature. An alternative derivatisation targeted at hydroxy groups is derivatisation to picolinic acid esters
[74] or nicotinic acid esters [10]. Sidhu et al. have exploited the
latter derivatisation to analyse oxysterols in CSF and plasma [10]
(Fig. 6C).

Fig. 6. Derivatisation reactions for sterol and oxysterol analysis by LC-MS (A) Derivatisation with PTAD. (B) Derivatisation with GP reagent. (C) Left hand side, derivatisation with
dimethylglycine; right hand side, derivatisation with nicotinic acid. Abbreviations: DMAP, 4-(dimethylamino)pyridine; DMG, N,N-dimethylglycine; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; DPC, N,N-diisopropylcarbodiimide.
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A new derivatisation for sterols in general is reaction with PTAD
(Fig. 6A). Although this derivatisation is well known for vitamins D
analysis, Liu et al. have shown that it can be used for unsaturated
sterols in general [9]. By careful choice of conditions, the reaction
can be “tuned” to favour reaction with B-ring unsaturated sterols
like cholesterol via an “ene” reaction, or with side-chain double
bonds as in desmosterol, also via an “ene” reaction, or with conjugated dienes like 7-DHC in a Diels-Alder reaction. The PTAD
derivatisation offers improvement in sensitivity and also provides a
route to stabilising reactive dienes [9].
Matrix-assisted laser desorption/ionisation (MALDI)-MS imaging is an exciting technology for determining the location of molecules in a tissue. By coating tissue, e.g. 10 mm thick coronal section
of rodent brain, with matrix and mounting the tissue on a stage
then moving the stage relative to the laser, it is possible to record
mass spectra at discrete pixels and reconstruct an image of a speciﬁc ion over the tissue. However, as in all MS, only molecules that
can be ionised will be observed. Cobice et al. have cleverly exploited
GT derivatisation to image 7O-C in mouse brain [75]. In the absence
of GT derivatisation any signal from 7O-C is hidden by back-ground
noise. Cobice et al. found that by using GT derivatisation a signiﬁcant increase in 7O-C signal was observed in brain sections from
hydroxysteroid dehydrogenase (HSD) 11B1 deﬁcient mice [75].
HSD11B1 is the enzyme which converts 7O-C to 7b-HC and in its
absence 7O-C accumulates.

3. Conclusions
When the authors joined the ﬁeld of oxysterol analysis around
the turn of the century, oxysterols and cholestenoic acids were
mostly considered as uninteresting intermediates of cholesterol
metabolism. Some oxysterols had been shown to have biological
activity, but the most studied oxysterol, 25-HC, was detected at low
levels in biological samples, and was often suspected to be an
artefact of sample handling [62]. Despite notable exceptions
[3,62,76e79] few researchers were interested in the biochemistry
of oxysterols. However, in the last 5e10 years we have seen a
paradigm shift, with a huge surge of interest in oxysterol
biochemistry. There have been major developments in MS technology and methods for oxysterol analysis, but problems still are
evident. Oxysterols can be formed from cholesterol in air, so there is
always the danger of their artefactual formation through sample
handling. There are a huge number of isomeric oxysterols. We now
know that not only is 7a,26-diHC a biologically relevant molecule
on the pathway to bile acid biosynthesis, but is its epimer, 7b,26diHC, is also biologically relevant. Similarly, both 24S-HC and
24R-HC can be found in biological samples [80]. The analyst must
be aware of the huge potential for isomeric structures or important
molecules will be missed or misidentiﬁed and if chromatographic
separation is inadequate quantitation will be inaccurate. Despite
these reservations the future for cholesterolomics is bright.

Acknowledgements
This work was supported by the UK Biotechnology and Biological Sciences Research Council (BBSRC, grant numbers BB/I001735/1
and BB/N015932/1 to WJG, BB/L001942/1 to YW), the Welsh Government (Life Sciences Research Network Wales award to YW) and
the European Regional Development Fund/Welsh Governmentfunded BEACON research program. JAK was supported by a PhD
studentship from Imperial College Healthcare Charities. Members
of the European Network for Oxysterol Research (ENOR, http://
oxysterols.com/) are thanked for informative discussions.

65

References
[1] S. Dzeletovic, O. Breuer, E. Lund, U. Diczfalusy, Determination of cholesterol
oxidation products in human plasma by isotope dilution-mass spectrometry,
Anal. Biochem. 225 (1995) 73e80.
[2] S. Matysik, H.H. Klunemann, G. Schmitz, Gas chromatography-tandem mass
spectrometry method for the simultaneous determination of oxysterols, plant
sterols, and cholesterol precursors, Clin. Chem. 58 (2012) 1557e1564.
[3] I. Bjorkhem, Five decades with oxysterols, Biochimie 95 (2013) 448e454.
[4] W.J. Grifﬁths, J. Sjovall, Bile acids: analysis in biological ﬂuids and tissues,
J. Lipid Res. 51 (2010) 23e41.
[5] W.J. Grifﬁths, J. Sjovall, Analytical strategies for characterization of bile acid
and oxysterol metabolomes, Biochem. Biophys. Res. Commun. 396 (2010)
80e84.
[6] A. Saeed, F. Floris, U. Andersson, I. Pikuleva, A. Lovgren-Sandblom, M. Bjerke,
M. Paucar, A. Wallin, P. Svenningsson, I. Bjorkhem, 7alpha-hydroxy-3-oxo-4cholestenoic acid in cerebrospinal ﬂuid reﬂects the integrity of the bloodbrain barrier, J. Lipid Res. 55 (2014) 313e318.
[7] W.J. Grifﬁths, Y. Wang, Analysis of oxysterol metabolomes, Biochim. Biophys.
Acta 1811 (2011) 784e799.
[8] A.R. Stiles, J. Kozlitina, B.M. Thompson, J.G. McDonald, K.S. King, D.W. Russell,
Genetic, anatomic, and clinical determinants of human serum sterol and
vitamin D levels, Proc. Natl. Acad. Sci. U. S. A. 111 (2014) E4006eE4014.
[9] W. Liu, L. Xu, C. Lamberson, D. Haas, Z. Korade, N.A. Porter, A highly sensitive
method for analysis of 7-dehydrocholesterol for the study of Smith-LemliOpitz syndrome, J. Lipid Res. 55 (2014) 329e337.
[10] R. Sidhu, H. Jiang, N.Y. Farhat, N. Carrillo-Carrasco, M. Woolery, E. Ottinger,
F.D. Porter, J.E. Schaffer, D.S. Ory, X. Jiang, A validated LC-MS/MS assay for
quantiﬁcation of 24(S)-hydroxycholesterol in plasma and cerebrospinal ﬂuid,
J. Lipid Res. 56 (2015) 1222e1233.
[11] P.J. Crick, T. William Bentley, J. Abdel-Khalik, I. Matthews, P.T. Clayton,
A.A. Morris, B.W. Bigger, C. Zerbinati, L. Tritapepe, L. Iuliano, Y. Wang,
W.J. Grifﬁths, Quantitative charge-tags for sterol and oxysterol analysis, Clin.
Chem. 61 (2015) 400e411.
[12] Z. Pataj, G. Liebisch, G. Schmitz, S. Matysik, Quantiﬁcation of oxysterols in
human plasma and red blood cells by liquid chromatography high-resolution
tandem mass spectrometry, J. Chromatogr. A 1439 (2016) 82e88.
[13] D.W. Russell, The enzymes, regulation, and genetics of bile acid synthesis,
Annu. Rev. Biochem. 72 (2003) 137e174.
[14] U. Diczfalusy, K.E. Olofsson, A.M. Carlsson, M. Gong, D.T. Golenbock,
O. Rooyackers, U. Flaring, H. Bjorkbacka, Marked upregulation of cholesterol
25-hydroxylase expression by lipopolysaccharide, J. Lipid Res. 50 (2009)
2258e2264.
[15] D.R. Bauman, A.D. Bitmansour, J.G. McDonald, B.M. Thompson, G. Liang,
D.W. Russell, 25-Hydroxycholesterol secreted by macrophages in response to
Toll-like receptor activation suppresses immunoglobulin A production, Proc.
Natl. Acad. Sci. U. S. A. 106 (2009) 16764e16769.
[16] J.G. McDonald, B.M. Thompson, E.C. McCrum, D.W. Russell, Extraction and
analysis of sterols in biological matrices by high performance liquid chromatography electrospray ionization mass spectrometry, Methods Enzymol.
432 (2007) 145e170.
[17] K. Park, A.L. Scott, Cholesterol 25-hydroxylase production by dendritic cells
and macrophages is regulated by type I interferons, J. Leukoc. Biol. 88 (2010)
1081e1087.
[18] J.G. McDonald, D.W. Russell, Editorial: 25-Hydroxycholesterol: a new life in
immunology, J. Leukoc. Biol. 88 (2010) 1071e1072.
[19] M. Blanc, W.Y. Hsieh, K.A. Robertson, K.A. Kropp, T. Forster, G. Shui, P. Lacaze,
S. Watterson, S.J. Grifﬁths, N.J. Spann, A. Meljon, S. Talbot, K. Krishnan,
D.F. Covey, M.R. Wenk, M. Craigon, Z. Ruzsics, J. Haas, A. Angulo, W.J. Grifﬁths,
C.K. Glass, Y. Wang, P. Ghazal, The transcription factor STAT-1 couples
macrophage synthesis of 25-hydroxycholesterol to the interferon antiviral
response, Immunity 38 (2013) 106e118.
[20] W.J. Grifﬁths, P.J. Crick, Y. Wang, M. Ogundare, K. Tuschl, A.A. Morris,
B.W. Bigger, P.T. Clayton, Y. Wang, Analytical strategies for characterization of
oxysterol lipidomes: liver X receptor ligands in plasma, Free Radic. Biol. Med.
59 (2013) 69e84.
[21] K.A. Robertson, W.Y. Hsieh, T. Forster, M. Blanc, H. Lu, P.J. Crick, E. Yutuc,
S. Watterson, K. Martin, S.J. Grifﬁths, A.J. Enright, M. Yamamoto,
M.M. Pradeepa, K.A. Lennox, M.A. Behlke, S. Talbot, J. Haas, L. Dolken,
W.J. Grifﬁths, Y. Wang, A. Angulo, P. Ghazal, An interferon regulated MicroRNA provides broad cell-intrinsic antiviral immunity through multihit hostdirected targeting of the sterol pathway, PLoS Biol. 14 (2016) e1002364.
[22] J.M. Lehmann, S.A. Kliewer, L.B. Moore, T.A. Smith-Oliver, B.B. Oliver, J.L. Su,
S.S. Sundseth, D.A. Winegar, D.E. Blanchard, T.A. Spencer, T.M. Willson, Activation of the nuclear receptor LXR by oxysterols deﬁnes a new hormone
response pathway, J. Biol. Chem. 272 (1997) 3137e3140.
[23] A. Radhakrishnan, Y. Ikeda, H.J. Kwon, M.S. Brown, J.L. Goldstein, Sterolregulated transport of SREBPs from endoplasmic reticulum to Golgi: oxysterols block transport by binding to Insig, Proc. Natl. Acad. Sci. U. S. A. 104
(2007) 6511e6518.
[24] A. Reboldi, E.V. Dang, J.G. McDonald, G. Liang, D.W. Russell, J.G. Cyster,
Inﬂammation. 25-Hydroxycholesterol suppresses interleukin-1-driven
inﬂammation downstream of type I interferon, Science 345 (2014) 679e684.
[25] S. Theoﬁlopoulos, W.J. Grifﬁths, P.J. Crick, S. Yang, A. Meljon, M. Ogundare,

66

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

W.J. Grifﬁths et al. / Analytical Biochemistry 524 (2017) 56e67
S.S. Kitambi, A. Lockhart, K. Tuschl, P.T. Clayton, A.A. Morris, A. Martinez,
M.A. Reddy, A. Martinuzzi, M.T. Bassi, A. Honda, T. Mizuochi, A. Kimura,
H. Nittono, G. De Michele, R. Carbone, C. Criscuolo, J.L. Yau, J.R. Seckl, R. Schule,
L. Schols, A.W. Sailer, J. Kuhle, M.J. Fraidakis, J.A. Gustafsson, K.R. Steffensen,
I. Bjorkhem, P. Ernfors, J. Sjovall, E. Arenas, Y. Wang, Cholestenoic acids
regulate motor neuron survival via liver X receptors, J. Clin. Invest. 124 (2014)
4829e4842.
C. Liu, X.V. Yang, J. Wu, C. Kuei, N.S. Mani, L. Zhang, J. Yu, S.W. Sutton, N. Qin,
H. Banie, L. Karlsson, S. Sun, T.W. Lovenberg, Oxysterols direct B-cell migration
through EBI2, Nature 475 (2011) 519e523.
S. Hannedouche, J. Zhang, T. Yi, W. Shen, D. Nguyen, J.P. Pereira, D. Guerini,
B.U. Baumgarten, S. Roggo, B. Wen, R. Knochenmuss, S. Noel, F. Gessier,
L.M. Kelly, M. Vanek, S. Laurent, I. Preuss, C. Miault, I. Christen, R. Karuna,
W. Li, D.I. Koo, T. Suply, C. Schmedt, E.C. Peters, R. Falchetto, A. Katopodis,
C. Spanka, M.O. Roy, M. Detheux, Y.A. Chen, P.G. Schultz, C.Y. Cho, K. Seuwen,
J.G. Cyster, A.W. Sailer, Oxysterols direct immune cell migration via EBI2,
Nature 475 (2011) 524e527.
P. Soroosh, J. Wu, X. Xue, J. Song, S.W. Sutton, M. Sablad, J. Yu, M.I. Nelen,
X. Liu, G. Castro, R. Luna, S. Crawford, H. Banie, R.A. Dandridge, X. Deng,
A. Bittner, C. Kuei, M. Tootoonchi, N. Rozenkrants, K. Herman, J. Gao, X.V. Yang,
K. Sachen, K. Ngo, W.P. Fung-Leung, S. Nguyen, A. de Leon-Tabaldo, J. Blevitt,
Y. Zhang, M.D. Cummings, T. Rao, N.S. Mani, C. Liu, M. McKinnon, M.E. Milla,
A.M. Fourie, S. Sun, Oxysterols are agonist ligands of RORgammat and drive
Th17 cell differentiation, Proc. Natl. Acad. Sci. U. S. A. 111 (2014)
12163e12168.
R.J. Fakheri, N.B. Javitt, 27-Hydroxycholesterol, does it exist? On the nomenclature and stereochemistry of 26-hydroxylated sterols, Steroids 77 (2012)
575e577.
F.R. Santori, P. Huang, S.A. van de Pavert, E.F. Douglass Jr., D.J. Leaver,
B.A. Haubrich, R. Keber, G. Lorbek, T. Konijn, B.N. Rosales, D. Rozman,
S. Horvat, A. Rahier, R.E. Mebius, F. Rastinejad, W.D. Nes, D.R. Littman, Identiﬁcation of natural RORgamma ligands that regulate the development of
lymphoid cells, Cell Metab. 21 (2015) 286e297.
X. Hu, Y. Wang, L.Y. Hao, X. Liu, C.A. Lesch, B.M. Sanchez, J.M. Wendling,
R.W. Morgan, T.D. Aicher, L.L. Carter, P.L. Toogood, G.D. Glick, Sterol metabolism controls T(H)17 differentiation by generating endogenous RORgamma
agonists, Nat. Chem. Biol. 11 (2015) 141e147.
P. Sacchetti, K.M. Sousa, A.C. Hall, I. Liste, K.R. Steffensen, S. Theoﬁlopoulos,
C.L. Parish, C. Hazenberg, L.A. Richter, O. Hovatta, J.A. Gustafsson, E. Arenas,
Liver X receptors and oxysterols promote ventral midbrain neurogenesis
in vivo and in human embryonic stem cells, Cell Stem Cell 5 (2009) 409e419.
S. Theoﬁlopoulos, Y. Wang, S.S. Kitambi, P. Sacchetti, K.M. Sousa, K. Bodin,
J. Kirk, C. Salto, M. Gustafsson, E.M. Toledo, K. Karu, J.A. Gustafsson,
K.R. Steffensen, P. Ernfors, J. Sjovall, W.J. Grifﬁths, E. Arenas, Brain endogenous
liver X receptor ligands selectively promote midbrain neurogenesis, Nat.
Chem. Biol. 9 (2013) 126e133.
S. Andersson, N. Gustafsson, M. Warner, J.A. Gustafsson, Inactivation of liver X
receptor beta leads to adult-onset motor neuron degeneration in male mice,
Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 3857e3862.
I. Bjorkhem, A. Lovgren-Sandblom, V. Leoni, S. Meaney, L. Brodin, L. Salveson,
K. Winge, S. Palhagen, P. Svenningsson, Oxysterols and Parkinson's disease:
evidence that levels of 24S-hydroxycholesterol in cerebrospinal ﬂuid correlates with the duration of the disease, Neurosci. Lett. 555 (2013) 102e105.
L. Novakova, M. Axelsson, C. Malmestrom, H. Zetterberg, I. Bjorkhem,
V.D. Karrenbauer, J. Lycke, Reduced cerebrospinal ﬂuid concentrations of
oxysterols in response to natalizumab treatment of relapsing remitting multiple sclerosis, J. Neurol. Sci. 358 (2015) 201e206.
T.J. Kotti, D.M. Ramirez, B.E. Pfeiffer, K.M. Huber, D.W. Russell, Brain cholesterol turnover required for geranylgeraniol production and learning in mice,
Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 3869e3874.
S. Maioli, A. Bavner, Z. Ali, M. Heverin, M.A. Ismail, E. Puerta, M. Olin, A. Saeed,
M. Shafaati, P. Parini, A. Cedazo-Minguez, I. Bjorkhem, Is it possible to improve
memory function by upregulation of the cholesterol 24S-hydroxylase
(CYP46A1) in the brain? PLoS One 8 (2013) e68534.
M. Soncini, G. Corna, M. Moresco, N. Coltella, U. Restuccia, D. Maggioni,
L. Raccosta, C.Y. Lin, F. Invernizzi, R. Crocchiolo, C. Doglioni, C. Traversari,
A. Bachi, R. Bernardi, C. Bordignon, J.A. Gustafsson, V. Russo, 24Hydroxycholesterol participates in pancreatic neuroendocrine tumor development, Proc. Natl. Acad. Sci. U. S. A. 113 (2016) E6219eE6227.
B.R. Myers, N. Sever, Y.C. Chong, J. Kim, J.D. Belani, S. Rychnovsky, J.F. Bazan,
P.A. Beachy, Hedgehog pathway modulation by multiple lipid binding sites on
the smoothened effector of signal response, Dev. Cell 26 (2013) 346e357.
D. Nedelcu, J. Liu, Y. Xu, C. Jao, A. Salic, Oxysterol binding to the extracellular
domain of Smoothened in Hedgehog signaling, Nat. Chem. Biol. 9 (2013)
557e564.
S. Nachtergaele, D.M. Whalen, L.K. Mydock, Z. Zhao, T. Malinauskas,
K. Krishnan, P.W. Ingham, D.F. Covey, C. Siebold, R. Rohatgi, Structure and
function of the Smoothened extracellular domain in vertebrate Hedgehog
signaling, Elife 2 (2013) e01340.
E.F. Byrne, R. Sircar, P.S. Miller, G. Hedger, G. Luchetti, S. Nachtergaele,
M.D. Tully, L. Mydock-McGrane, D.F. Covey, R.P. Rambo, M.S. Sansom,
S. Newstead, R. Rohatgi, Structural basis of Smoothened regulation by its
extracellular domains, Nature 535 (2016) 517e522.
Y.Y. Lin, M. Welch, S. Lieberman, The detection of 20S-hydroxycholesterol in
extracts of rat brains and human placenta by a gas chromatograph/mass

spectrometry technique, J. Steroid Biochem. Mol. Biol. 85 (2003) 57e61.
[45] H. Roberg-Larsen, M.F. Strand, S. Krauss, S.R. Wilson, Metabolites in vertebrate
Hedgehog signaling, Biochem. Biophys. Res. Commun. 446 (2014) 669e674.
[46] F.D. Porter, G.E. Herman, Malformation syndromes caused by disorders of
cholesterol synthesis, J. Lipid Res. 52 (2011) 6e34.
[47] W.J. Grifﬁths, J. Abdel-Khalik, P.J. Crick, Y. Wang, Unravelling new pathways of
sterol metabolism, LE STUDIUM Conference, Lipids, nanotechnology and
^tel de Ville de Tours, France, 2016.
cancer.Ho
[48] N. Sever, R.K. Mann, L. Xu, W.J. Snell, C.I. Hernandez-Lara, N.A. Porter,
P.A. Beachy, Endogenous B-ring oxysterols inhibit the Hedgehog component
Smoothened in a manner distinct from cyclopamine or side-chain oxysterols,
Proc. Natl. Acad. Sci. U. S. A. 113 (2016) 5904e5909.
[49] E.R. Nelson, S.E. Wardell, J.S. Jasper, S. Park, S. Suchindran, M.K. Howe,
N.J. Carver, R.V. Pillai, P.M. Sullivan, V. Sondhi, M. Umetani, J. Geradts,
D.P. McDonnell, 27-Hydroxycholesterol links hypercholesterolemia and
breast cancer pathophysiology, Science 342 (2013) 1094e1098.
[50] Q. Wu, T. Ishikawa, R. Sirianni, H. Tang, J.G. McDonald, I.S. Yuhanna,
B. Thompson, L. Girard, C. Mineo, R.A. Brekken, M. Umetani, D.M. Euhus, Y. Xie,
P.W. Shaul, 27-Hydroxycholesterol promotes cell-autonomous, ER-positive
breast cancer growth, Cell Rep. 5 (2013) 637e645.
[51] J.G. McDonald, D.D. Smith, A.R. Stiles, D.W. Russell, A comprehensive method
for extraction and quantitative analysis of sterols and secosteroids from human plasma, J. Lipid Res. 53 (2012) 1399e1409.
[52] N. Simigdala, Q. Gao, S. Pancholi, H. Roberg-Larsen, M. Zvelebil, R. Ribas,
E. Folkerd, A. Thompson, A. Bhamra, M. Dowsett, L.A. Martin, Cholesterol
biosynthesis pathway as a novel mechanism of resistance to estrogen deprivation in estrogen receptor-positive breast cancer, Breast Cancer Res. 18
(2016) 58.
[53] P. de Medina, M.R. Paillasse, G. Segala, M. Voisin, L. Mhamdi, F. Dalenc,
M. Lacroix-Triki, T. Filleron, F. Pont, T.A. Saati, C. Morisseau, B.D. Hammock,
S. Silvente-Poirot, M. Poirot, Dendrogenin A arises from cholesterol and histamine metabolism and shows cell differentiation and anti-tumour properties, Nat. Commun. 4 (2013) 1840.
[54] S. Silvente-Poirot, P. de Medina, M. Record, M. Poirot, From tamoxifen to
dendrogenin A: the discovery of a mammalian tumor suppressor and
cholesterol metabolite, Biochimie 130 (2016) 109e114.
[55] T. Watabe, T. Sawahata, Biotransformation of cholesterol to cholestane3beta,5alpha,6beta-triol via cholesterol alpha-epoxide (5alpha,6alpha-epoxycholestan-3beta-ol) in bovine adrenal cortex, J. Biol. Chem. 254 (1979)
3854e3860.
[56] J.P. Davies, F.W. Chen, Y.A. Ioannou, Transmembrane molecular pump activity
of Niemann-Pick C1 protein, Science 290 (2000) 2295e2298.
[57] J.F. Bazan, F.J. de Sauvage, Structural ties between cholesterol transport and
morphogen signaling, Cell 138 (2009) 1055e1056.
[58] G. Alvelius, O. Hjalmarson, W.J. Grifﬁths, I. Bjorkhem, J. Sjovall, Identiﬁcation
of unusual 7-oxygenated bile acid sulfates in a patient with Niemann-Pick
disease, type C, J. Lipid Res. 42 (2001) 1571e1577.
[59] F.D. Porter, D.E. Scherrer, M.H. Lanier, S.J. Langmade, V. Molugu, S.E. Gale,
D. Olzeski, R. Sidhu, D.J. Dietzen, R. Fu, C.A. Wassif, N.M. Yanjanin, S.P. Marso,
J. House, C. Vite, J.E. Schaffer, D.S. Ory, Cholesterol oxidation products are
sensitive and speciﬁc blood-based biomarkers for Niemann-Pick C1 disease,
Sci. Transl. Med. 2 (2010), 56ra81.
[60] X. Jiang, R. Sidhu, F.D. Porter, N.M. Yanjanin, A.O. Speak, D.T. te Vruchte,
F.M. Platt, H. Fujiwara, D.E. Scherrer, J. Zhang, D.J. Dietzen, J.E. Schaffer,
D.S. Ory, A sensitive and speciﬁc LC-MS/MS method for rapid diagnosis of
Niemann-Pick C1 disease from human plasma, J. Lipid Res. 52 (2011)
1435e1445.
[61] G. Klinke, M. Rohrbach, R. Giugliani, P. Burda, M.R. Baumgartner, C. Tran,
M. Gautschi, D. Mathis, M. Hersberger, LC-MS/MS based assay and reference
intervals in children and adolescents for oxysterols elevated in Niemann-Pick
diseases, Clin. Biochem. 48 (2015) 596e602.
[62] G.J. Schroepfer Jr., Oxysterols: modulators of cholesterol metabolism and
other processes, Physiol. Rev. 80 (2000) 361e554.
[63] F. Mazzacuva, P. Mills, K. Mills, S. Camuzeaux, P. Gissen, E.R. Nicoli, C. Wassif,
D. Te Vruchte, F.D. Porter, M. Maekawa, N. Mano, T. Iida, F. Platt, P.T. Clayton,
Identiﬁcation of novel bile acids as biomarkers for the early diagnosis of
Niemann-Pick C disease, FEBS Lett. 590 (2016) 1651e1662.
[64] W.J. Grifﬁths, J. Abdel-Khalik, P.J. Crick, M. Ogundare, C.H. Shackleton,
K. Tuschl, M.K. Kwok, B.W. Bigger, A.A. Morris, A. Honda, L. Xu, N.A. Porter,
I. Bjorkhem, P.T. Clayton, Y. Wang, Sterols and oxysterols in plasma from
Smith-Lemli-Opitz syndrome patients, J. Steroid Biochem. Mol. Biol. (2016) (in
press), available online: http://dx.doi.org/10.1016/j.jsbmb.2016.03.018.
[65] C.A. Wassif, J. Yu, J. Cui, F.D. Porter, N.B. Javitt, 27-Hydroxylation of 7- and 8dehydrocholesterol in Smith-Lemli-Opitz syndrome: a novel metabolic
pathway, Steroids 68 (2003) 497e502.
[66] W. Liu, L. Xu, C.R. Lamberson, L.S. Merkens, R.D. Steiner, E.R. Elias, D. Haas,
N.A. Porter, Assays of plasma dehydrocholesteryl esters and oxysterols from
Smith-Lemli-Opitz syndrome patients, J. Lipid Res. 54 (2013) 244e253.
[67] I. Bjorkhem, U. Diczfalusy, A. Lovgren-Sandblom, L. Starck, M. Jonsson,
K. Tallman, H. Schirmer, L.B. Ousager, P.J. Crick, Y. Wang, W.J. Grifﬁths,
F.P. Guengerich, On the formation of 7-ketocholesterol from 7dehydrocholesterol in patients with CTX and SLO, J. Lipid Res. 55 (2014)
1165e1172.
[68] Z. Korade, L. Xu, K. Mirnics, N.A. Porter, Lipid biomarkers of oxidative stress in
a genetic mouse model of Smith-Lemli-Opitz syndrome, J. Inherit. Metab. Dis.

W.J. Grifﬁths et al. / Analytical Biochemistry 524 (2017) 56e67
36 (2013) 113e122.
[69] L. Xu, Z. Korade, D.A. Rosado Jr., W. Liu, C.R. Lamberson, N.A. Porter, An oxysterol biomarker for 7-dehydrocholesterol oxidation in cell/mouse models for
Smith-Lemli-Opitz syndrome, J. Lipid Res. 52 (2011) 1222e1233.
[70] R. Shinkyo, L. Xu, K.A. Tallman, Q. Cheng, N.A. Porter, F.P. Guengerich, Conversion of 7-dehydrocholesterol to 7-ketocholesterol is catalyzed by human
cytochrome P450 7A1 and occurs by direct oxidation without an epoxide
intermediate, J. Biol. Chem. 286 (2011) 33021e33028.
[71] P.J. Crick, T.W. Bentley, Y. Wang, W.J. Grifﬁths, Revised sample preparation for
the analysis of oxysterols by enzyme-assisted derivatisation for sterol analysis
(EADSA), Anal. Bioanal. Chem. 407 (2015) 5235e5239.
[72] H. Roberg-Larsen, K. Lund, K.E. Seterdal, S. Solheim, T. Vehus, N. Solberg,
S. Krauss, E. Lundanes, S.R. Wilson, Mass spectrometric detection of 27hydroxycholesterol in breast cancer exosomes, J. Steroid Biochem. Mol. Biol.
(2016) (in press), available online: http://dx.doi.org/10.1016/j.jsbmb.2016.02.
006.
[73] X. Jiang, D.S. Ory, X. Han, Characterization of oxysterols by electrospray
ionization tandem mass spectrometry after one-step derivatization with
dimethylglycine, Rapid Commun. Mass Spectrom. 21 (2007) 141e152.
[74] T. Ikegami, A. Honda, T. Miyazaki, M. Kohjima, M. Nakamuta, Y. Matsuzaki,
Increased serum oxysterol concentrations in patients with chronic hepatitis C
virus infection, Biochem. Biophys. Res. Commun. 446 (2014) 736e740.
[75] D.F. Cobice, C.L. Mackay, R.J. Goodwin, A. McBride, P.R. Langridge-Smith,

[76]

[77]

[78]

[79]

[80]

67

S.P. Webster, B.R. Walker, R. Andrew, Mass spectrometry imaging for dissecting steroid intracrinology within target tissues, Anal. Chem. 85 (2013)
11576e11584.
J.A. Gustafsson, J. Sjovall, Identiﬁcation of 22-, 24- and 26-hydroxycholesterol
in the steroid sulphage fraction of faeces from infants, Eur. J. Biochem. 8
(1969) 467e472.
M. Axelson, O. Larsson, J. Zhang, J. Shoda, J. Sjovall, Structural speciﬁcity in the
suppression of HMG-CoA reductase in human ﬁbroblasts by intermediates in
bile acid biosynthesis, J. Lipid Res. 36 (1995) 290e298.
J. Zhang, A. Dricu, J. Sjovall, Studies on the relationships between 7 alphahydroxylation and the ability of 25- and 27-hydroxycholesterol to suppress
the activity of HMG-CoA reductase, Biochim. Biophys. Acta 1344 (1997)
241e249.
K.D. Setchell, M. Schwarz, N.C. O'Connell, E.G. Lund, D.L. Davis, R. Lathe,
H.R. Thompson, R. Weslie Tyson, R.J. Sokol, D.W. Russell, Identiﬁcation of a
new inborn error in bile acid synthesis: mutation of the oxysterol 7alphahydroxylase gene causes severe neonatal liver disease, J. Clin. Invest. 102
(1998) 1690e1703.
A.A. Saeed, G. Genove, T. Li, D. Lutjohann, M. Olin, N. Mast, I.A. Pikuleva,
P. Crick, Y. Wang, W. Grifﬁths, C. Betsholtz, I. Bjorkhem, Effects of a disrupted
blood-brain barrier on cholesterol homeostasis in the brain, J. Biol. Chem. 289
(2014) 23712e23722.

