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High-performance liquid chromatography–tandem mass spectrometry (HPLC–MS/MS) is a pow-
erful method for the microanalysis of compounds in biological samples. Compared with gas
chromatography–mass spectrometry (GC–MS), this method is more broadly applicable to various com-
pounds and usually does not require a derivatization step before analysis. However, when neutral sterols
are analyzed, the sensitivities of usual HPLC–MS/MS method are not superior to those of GC–MS because
the sterols are relatively resistant to ionization. In this review, we introduce the recent development of
eview
nalysis
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xysterol
C–MS
PLC–MS/MS

HPLC–MS/MS analysis for the quantification of non-cholesterol sterols. By adding an effective derivati-
zation step to the conventional procedure, sterol analysis by HPLC–MS/MS surpassed that obtained by
GC–MS in sensitivity. In addition, sufficient specificity of this method was achieved by selected reaction
monitoring (SRM) and thorough chromatographic separation of each sterol.

© 2010 Elsevier Ltd. All rights reserved.
erivatization

. Introduction

Some cholesterol precursors and oxidized cholesterol (oxys-
erols) are important molecules in the regulation of lipid
omeostasis in the body [1]. In addition, they have been used
s serum biomarkers for whole body cholesterol synthesis [2,3],
ntestinal cholesterol absorption [4], hepatic bile acid synthe-
is [5,6] and the diagnosis of inherited disorders in cholesterol
etabolism [7–12]. Therefore, quantification of non-cholesterol

terols in biological samples is a very important technique in stud-
es of lipid metabolism.
Gas chromatography (GC) with flame ionization detection
2,13], high-performance liquid chromatography (HPLC) with
ltraviolet (UV) detection [14–16] or HPLC with refractive index
RI) detection [16] are the most generally used methods for the

� Article from special issue on “Steroid profiling and analytics: going towards
terome”.
∗ Corresponding author at: Department of Gastroenterology, Tokyo Medical Uni-

ersity Ibaraki Medical Center, 3-20-1 Chuoh, Ami, Inashiki, Ibaraki 300-0395, Japan.
el.: +81 29 887 1161; fax: +81 29 887 9113.

E-mail address: ymatsuzaki-gi@umin.ac.jp (Y. Matsuzaki).

960-0760/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2010.03.030
analyses of sterols. However, these methods cannot quantify minor
components of endogenous sterols with sufficient sensitivity and
specificity.

Mass spectrometry (MS) and tandem mass spectrometry
(MS/MS) are powerful detection methods, which are suitable for
GC and HPLC systems. These detectors are not only superior in
terms of sensitivity but are also highly specific compared with flame
ionization, UV and RI detectors. GC–MS has been widely accepted
as a reliable analytical method for the determination of sterols
in biological samples [17–19]. However, during the last decade,
HPLC–MS or HPLC–MS/MS has also come to be used conveniently
because these methods do not always require deconjugation and
derivatization steps before analysis [20,21]. In addition, while HPLC
methods do not cause decomposition of some labile sterols, such as
24S,25-epoxycholesterol, the high temperatures achieved during
GC methods can cause degradation of unstable sterols [22,23].

In this review, we introduce the recent development of HPLC–
MS/MS methods for the quantification of sterols in biological sam-

ples. An effective derivatization step, thorough chromatographic
separation and selected reaction monitoring (SRM) by MS/MS have
achieved excellent sensitivity and specificity for this method. The
method has become a central approach for the simultaneous quan-
tification of sterols in small amounts of biological samples.

dx.doi.org/10.1016/j.jsbmb.2010.03.030
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:ymatsuzaki-gi@umin.ac.jp
dx.doi.org/10.1016/j.jsbmb.2010.03.030
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. Methods to increase the sensitivity of sterols

.1. Ionization

Advances in ionization techniques have greatly contributed to
he development of LC–MS. Electron impact ionization (EI) is the

ost commonly used approach for GC–MS analysis of sterols. This
onization method was applied to HPLC–MS by using a particle
eam (PB) interface. In 1995 Sattler et al. [24] analyzed plasma
-dehydrocholesterol and in 1998 Careri et al. [25] quantified oxys-
erols by HPLC–PB-EI–MS, with detection limits of 10 ng (about
6 pmol) and 2–3 ng (about 5–7.5 pmol), respectively.

While EI is not applicable to polar or high molecular weight com-
ounds, electrospray ionization (ESI) is broadly applicable method
or polar compounds in a wide range of molecular weights (Fig. 1).
n addition, this ionization source is generally exchangeable in
he same mass spectrometer with atmospheric pressure chemical
onization (APCI) or atmospheric pressure photoionization (APPI)
ources that are applicable to less polar and low molecular weight
ompounds. Thus, ESI and the complementary use of APCI or
PPI have recently become the standard ionization methods for
PLC–MS.

Since sterols are less polar and relatively low molecular weight
ompounds, APCI [26–33] or APPI [20,34] have been preferen-
ially used for analysis by HPLC–MS. The detection limits of
holesterol precursors and sitosterol by HPLC-APCI–MS were well
elow 1 pmol [31], that of cholesterol by HPLC-APCI–MS/MS was
.2 pmol [32], and those of oxysterols by HPLC-APCI–MS were in the
ange of 0.2–0.8 ng (about 0.5–2.0 pmol) [26] or 0.1–0.75 ng (about
.25–1.9 pmol) [27].

While it had previously been considered that ESI was not
uitable for the analysis of neutral sterols, in 2007 McDon-
ld et al. reported that sterols were sufficiently ionized when

PLC–ESI–MS/MS was employed using the Applied Biosystems
000 QTrap triple quadrupole system [21]. According to this report,
etection limits of dihydroxy- or epoxysterols were 5–60 fmol
hile those of monohydroxysterols were 175–2000 fmol on-

ig. 1. Applications of various ionization methods to LC–MS. EI, electron impact ionizati
tmospheric pressure photoionization; ESI, electrospray ionization.
& Molecular Biology 121 (2010) 556–564 557

column. These sensitivities are not inferior to those of APCI, but
one weak point is that the sensitivity depends greatly on the instru-
ments.

2.2. Derivatization

As shown in Table 1, conventional HPLC-APCI–MS for the detec-
tion of one of the representative oxysterols, 7�-hydroxycholesterol
(1.2 pmol) [27], is not as sensitive as GC–MS (4–120 fmol) [35,36]
because sterols are relatively resistant to ionization. On the
other hand, this oxysterol may be quantified by HPLC–ESI–MS/MS
[21] with sensitivity (60 fmol) equivalent to GC–MS, but not all
HPLC–ESI–MS/MS instruments are applicable to this sensitive anal-
ysis of sterols.

To overcome these problems, sterols have been derivatized to
more polar structures. The charged moieties were introduced into
the hydroxyl group of the sterols as an N-methylpyridyl ether
[37], a ferrocenecarbamate ester [38], a sulfate [39], a mono-
(dimethylaminoethyl) succinyl ester [40], a dimethylglycine ester
[41], and a picolinyl ester [42–44]. Furthermore, the native carbonyl
group of oxysterols or the 3-oxo structure, converted from 3�-
hydroxysterols by cholesterol oxidase, was derivatized to Girard
P hydrazone [45–47]. Each of these derivatizations enhanced the
ionization efficiency of the sterols in the ESI process and markedly
increased the sensitivity.

As for ionization polarity, the sulfate derivatives are easily
deprotonated and exhibit a high ionization efficiency in the neg-
ative ESI mode [39]. In contrast, the other derivatives are positively
charged permanently or easily protonated, so that they are suitable
for the positive ESI mode. Generally speaking, the negative mode
exhibits lower background noise compared with that in positive
mode. However, the positive mode provides much abundant ions
It may be noted here that derivatizations are useful to increase
the ionization of steroids, not only in ESI, but also in the APCI pro-
cesses [49,50]. However, derivatized sterols have been preferably
analyzed by ESI because ESI is broadly applicable to various deriva-

on; CI, chemical ionization; APCI, atmospheric pressure chemical ionization; APPI,
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Table 1
Detection limits of cholesterol and representative oxysterols by different analytical methods.

Author Year Reference Method (ionization mode) Derivatization Lower limit of detection

Cholesterol Oxysterola

Sanghvi et al. 1981 [36] GC–MS (P-EI) TMS ether NA 120 fmol (7�OH)
Hylemon et al. 1989 [14] HPLC-UV C4 NA 20 pmol (7�OH)
Honda et al. 1991 [35] GC–HR-MS (P-EI) DMES ether NA 4 fmol (7�OH)
Careri et al. 1998 [25] HPLC–PB-MS (P-EI) –b 5 pmol 5 pmol (7�OH)
Manini et al. 1998 [26] HPLC–MS (P-APCI) – NA 500 fmol (7�OH)
Van Berkel et al. 1998 [38] HPLC–MS/MS (P-ESI) FC ester 41 amol NA
Razzazi-Fazeli et al. 2000 [27] HPLC–MS (P-APCI) – NA 1.2 pmol (7�OH)
Nagy et al. 2006 [31] HPLC–MS (P-APCI) – <1 pmol NA
Tian et al. 2006 [32] HPLC–MS/MS (P-APCI) – 2.2 pmol NA
Griffiths et al. 2006 [46] HPLC–MS/MS (P-ESI) Girard P hydrazone NA <2.5 fmol
McDonald et al. 2007 [21] HPLC–MS/MS (P-ESI) – 1 pmol 60 fmol (7�OH)
Honda et al. 2008 [43] HPLC–MS/MS (P-ESI) picolinyl ester 260 amol NA
Honda et al. 2009 [44] HPLC–MS/MS (P-ESI) picolinyl ester NA 10 amol (7�OH)

Abbreviations: P-EI, positive electron impact ionization; TMS, trimethylsilyl; NA, not available; 7�OH, 7�-hydroxycholesterol; HPLC-UV, HPLC equipped with an ultraviolet
d DMES
7 ; P-ESI
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etector; C4, 7�-hydroxy-4-cholesten-3-one; GC–HR-MS, high-resolution GC–MS;
�-hydroxycholesterol; P-APCI, positive atmospheric pressure chemical ionization
a Data of 7�-hydroxycholesterol or other oxysterols with the structures similar t
b Without derivatization.

ives. In the positive APCI mode, the introduction of moieties with
roton affinity increases ionization, while those with highly polar
unctional groups inhibit ionization and decrease the sensitivity
50]. Thus, the selection of effective derivatives for positive APCI is
ot as easy as that for ESI. Negative APCI is also used after the addi-
ion of electron affinity moieties to sterols. This electron-capturing
erivatization in negative APCI mode was first reported by Singh et
l. [51] and has been applied to the determination of tissue choles-
erol by Kuo et al. [52].

. Methods to increase the selectivity of each sterol

.1. Use of appropriate internal standards

Deuterium-labeled sterols are ideal internal standards for
uantification by HPLC–MS. The addition of internal standards
ompensates for the loss of target sterols during clean-up pro-
edures and for the variation in injection volume onto the
PLC column. Thus, internal standards are necessary for accurate
uantification by chromatographic methods. In addition, internal
tandards are used to determine the variation in the retention time
f each sterol among samples. When peaks of target sterols are
ery small or they are not completely separated from interfering
eaks, the retention time of the internal standard gives additional

nformation to identify the target peaks. Several deuterated stan-
ards are commercially available, as reported by McDonald et al.
21]. Although deuterated analogs are not available for all sterols,
euterated sterol with a structure similar to the target sterol can be
sed as a surrogate [21,44]. Alternatively, we can use coprostanol as
convenient internal standard for monohydroxysterols in human

erum [43]. Coprostanol is synthesized from cholesterol by intesti-
al bacteria but is not absorbed from the intestine and is not
etected in human serum.

.2. Sample clean-up

The structures of non-cholesterol sterols are similar to native
holesterol, which usually exists at least 100–10,000 times greater
han the target sterols in bulk-lipid extracts from biological sam-

les. Therefore, good separation from cholesterol is necessary for
eliable quantification of the non-cholesterol sterols. Because oxys-
erols and epoxysterols are more polar than cholesterol, most of
hem can be separated from cholesterol by a solid-phase extraction
artridge [18,53]. However, the complete separation of some less
, dimethylethylsilyl; HPLC–PB-MS, HPLC–MS with particle beam interface; 7�OH,
, positive electrospray ionization; FC, ferrocenecarbamate.
ydroxycholesterol.

polar oxysterols and non-cholesterol monohydroxysterols from
cholesterol by using such a cartridge is difficult. Thus, for the
analysis of whole sterol profiles in biological samples, the role of
solid-phase extraction is limited to the elimination of nonpolar
compounds, such as fatty acyl esters of cholesterol [53], that are
strongly retained on reversed-phase HPLC columns.

3.3. Separation by HPLC

Since we have not achieved selective elimination of cholesterol
from bulk-lipid extracts using solid-phase extraction cartridges,
non-cholesterol sterols must be separated from cholesterol by
the final HPLC–MS or HPLC–MS/MS analyses. In addition, the
separation between non-cholesterol sterols is also important
to quantify each sterol. However, isobaric sterol isomers, e.g.
cholesterol and lathosterol [43] or 24S-hydroxycholesterol and
25-hydroxycholesterol [21,44], often exhibit similar precursor to
product ion fragmentations, so that even SRM cannot always dif-
ferentiate these sterols. Therefore, careful HPLC separation of each
sterol is crucially important to quantify these isomers by selected
ion monitoring (SIM) or SRM [33,43].

Although normal phase columns can be used for the separa-
tion of sterols by HPLC-PB–MS [24,25] and HPLC–APCI-MS [16],
reversed-phase columns are preferably used in HPLC–PB-MS [25],
most of the HPLC–APCI-MS [26–31,33], HPLC–APPI-MS [20,34], and
virtually all HPLC–ESI–MS methods with [42–44,47] and without
derivatization [21]. Normal phase HPLC sometimes achieves bet-
ter separation of each sterol compared with reversed-phase HPLC
[16], but the latter is preferred for HPLC–MS because it displays
higher reproducibility than normal phase and the polar mobile
phase favors ionization.

Our experiences show that there are many minor unidenti-
fied sterols in biological samples and complete chromatographic
or mass spectrometric separation of all sterols by a single anal-
ysis is impossible at present. We need to select the best column
and mobile phase according to the target sterols in which we are
interested.

3.4. Selection by MS/MS
Although MS/MS is not an almighty method for the differ-
entiation of each sterol, it is much more specific and sensitive
than UV and RI detectors [16]. The triple quadrupole mass spec-
trometer is the most suitable instrument for the highly sensitive
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uantification of sterols. SRM obtained by MS/MS can eliminate
nterfering peaks with different precursor to product ion fragmen-
ations at specific collision energies. In addition, the monitoring
f multiple SRM pairs for a single sterol adds confidence to the
dentification of the compound and provides further information
egarding compound identification based on their relative intensi-
ies [21].

Another way to improve the selectivity of SRM is to increase the
esolution of the triple quadrupole mass spectrometer. Although
he resolution depends on the capacity of the mass spectrome-
er, analysis with higher resolution reduces interfering peaks and
mproves S/N ratio of the chromatogram. Furthermore, Griffiths et
l. have reported high-resolution MS by a hybrid quadrupole/time

n
f flight (TOF) mass spectrometer [46] or high-resolution MS by a
ybrid linear ion-trap/Fourier transform mass spectrometer [54].
hese mass spectrometers exhibit excellent selectivity, but sen-
itivity and dynamic range for quantification do not reach those
chieved by the triple quadrupole mass spectrometer.

ig. 2. Representative positive ESI–MS/MS fragmentation patterns of the picolinyl e
ydroxycholesterol, (D) 7�,27-dihydroxycholesterol. [M + Na]+ was used as precursor
ragmentation patterns of A, B, C and D correspond to those in Table 2. The general LC–MS
45:45:10, v/v/v) containing 0.1% acetic acid; flow rate, 300 �l/min; spray voltage, 1000 V
nd D), the position of sodium in the picolinyl derivatives has not been determined. In str
osition.
& Molecular Biology 121 (2010) 556–564 559

4. Characteristics of picolinyl ester derivative of sterols

4.1. Sensitivity

We have successfully introduced a picolinyl moiety into
the hydroxyl group of various sterols and have demonstrated
that the picolinyl ester derivatization is a simple and versatile
method for sensitive and specific quantification using positive
HPLC–ESI–MS/MS [42–44]. The idea originated from a report by
Yamashita et al. [55] in which they compared HPLC–ESI–MS/MS
behaviors among the picolinyl, 6-methylpicolinyl, nicotinyl,
2-methyoxynicotinyl and isonicotinyl derivatives of estrone, estra-
diol, dehydroepiandrosterone and testosterone. The picolinyl

derivatives showed the best HPLC–ESI–MS/MS behavior and
100-fold higher detection response by SRM compared with
underivatized steroid molecules [55,56]. In addition, they have
successfully applied the picolinyl derivatization to corticosteroids
[57,58] and aldosterone [59,60].

ster derivatives of sterols. (A) 7�-hydroxycholesterol, (B) cholesterol, (C) 27-
ions for A, C and D, while [M + Na + CH3CN]+ was used as a precursor ion for B.
/MS conditions were as follows: introducing solvent, acetonitrile–methanol–water
. CE, collision energy. In the case of oxysterols with multiple hydroxyl groups (A, C
uctural formulae, sodium ion was tentatively added to picolinyl group at the C-3�
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As for sterols, the detection limits (S/N = 3) of choles-
erol picolinate and oxysterol dipicolinates by HPLC–ESI–MS/MS
SRM) analysis were about 260 amol and 5–25 amol on-column,
espectively [43,44], which was about 3860-fold and 1000-
old, respectively, more sensitive than those with underivatized
PLC–ESI–MS/MS analysis [21]. On the other hand, the detection

imits of native cholesterol and oxysterols by HPLC-APCI–MS/MS
nalysis were about 100 fmol and 10 fmol, respectively [43,44].

.2. Mass spectra

All picolinyl ester derivatives of 3�-monohydroxysterols exhib-
ted adduct ions of [M + Na + CH3CN]+ as the base peaks [43], while
hose of di-, tri- and tetra-hydroxysterols and 3-ketosterols showed
M + Na]+ ions as the base peaks under our HPLC–ESI–MS condi-
ions [44]. However, it should be noted here that the base peaks
ould change depending on the composition of mobile phase. In

ontrast to other derived moieties, the picolinyl group is not perma-
ently charged, so that even in the case of oxysterols with multiple
ydroxyl groups, a single charged ion was predominant in the pos-

tive ESI mass spectra.
Collision of [M + Na + CH3CN]+ of the picolinyl derivatives of 3�-

onohydroxysterols at a relatively low collision energy (10–15 V)
esulted in the predominant formation of [M + Na]+ as product ions,
hile the use of higher collision energies (25–30 V) resulted in the

picolinic acid + Na]+ (m/z = 146) ion as the most abundant product
on. In contrast, collision of [M + Na]+ of the picolinyl derivatives
f di-, tri- and tetra-hydroxysterols and 3-ketosterols resulted in
he formation of [M + Na–picolinic acid]+ or [picolinic acid + Na]+

ons at any specific collision energy depending on the sterols
10–30 V). Representative MS/MS fragmentation patterns of the
icolinyl derivatives are shown in Fig. 2, and the most suitable col-

ision energies and precursor to product ions of each sterol for SRM
re listed in Table 2.

.3. Synthesis of derivatives

The derivatization and purification steps are very simple [44].
s shown in Fig. 3, the reagent mixture, consisting of 2-methyl-6-
itrobenzoic anhydride, 4-dimethylaminopyridine, picolinic acid,
yridine and triethylamine, is added to the sterol extract, and incu-

◦
ated at 80 C for 60 min. Excess reagents are then precipitated
y the addition of n-hexane, and the clear supernatant contain-

ng picolinyl ester derivatives is collected and evaporated at 80 ◦C
nder nitrogen. The residue is redissolved in 50 �l of acetoni-
rile and an aliquot is used for HPLC–ESI–MS/MS analysis. The

ig. 3. The formation of picolinyl ester derivative and the conditions of the reaction.
& Molecular Biology 121 (2010) 556–564

derivatives are stable for at least 6 months in the acetonitrile solu-
tion.

In general, this esterification progresses easily at room tempera-
ture, but the hydroxyl groups at the C-5�, C-20� and C-25 positions
of oxysterols are resistant to picolinyl ester formation at room tem-
perature. In these resistant positions, C-25 is completely esterified
by heating at 80 ◦C for 60 min, but the C-5� and C-20� positions are
not esterified at all even if the reaction mixture is heated at 80 ◦C.

It has been pointed out that cholesterol can be autoxidized dur-
ing sample preparation [61]. However, to analyze whole sterol
profiles in biological samples, it is difficult to remove cholesterol
selectively before derivatization. Therefore, we determined the
formation of oxysterols from pure cholesterol in the derivatizing
conditions, and no significant amounts of oxysterols were detected.
The results suggest that the autoxidation of cholesterol during the
derivatization step is negligible.

Transesterification of fatty acyl esters during the formation of
picolinyl esters is another possibility for the overestimation of
sterols. However, the incubation of pure cholesteryl stearate in
the reaction mixture showed that the transesterification was not
probable.

4.4. Chromatographic separation

HPLC is performed using a reversed-phase Hypersil GOLD col-
umn (150 mm × 2.1 mm I.D., 3 �m, Thermo Fisher Scientific, San
Jose, CA, USA). In our previous reports, monohydroxysterols [43]
and oxysterols [44] were measured separately, but both sterols can
be analyzed simultaneously because the HPLC column and gradi-
ent conditions are the same. Initially, the mobile phase is comprised
of acetonitrile–methanol–water (40:40:20, v/v/v) containing 0.1%
acetic acid, and it is then programmed in a linear manner to
acetonitrile–methanol–water (45:45:10, v/v/v) containing 0.1%
acetic acid over 20 min. The final mobile phase is maintained con-
stant for an additional 20 min. The flow rate is 300 �l/min, and the
column is maintained at 40 ◦C using a column oven.

Relative retention times (RRTs), expressed relative to the reten-
tion time of cholesterol, are listed in Table 2. The RRTs show that the
separation of sterols by the Hypersil GOLD column is excellent, but
several weak points are also indicated. First, 7�-hydroxycholesterol
gives a peak just before 7�-hydroxycholesterol, and reliable quan-
tification of each hydroxycholesterol can occasionally be difficult.
Second, the retention times of 7�-hydroxy-4-cholesten-3-one
and 24S,25-epoxycholesterol are very close to each other, and
these sterols show similar MS and MS/MS spectra. However,
because 7�-hydroxy-4-cholesten-3-one does not survive alkaline
hydrolysis, the peak detected after alkaline hydrolysis is 24S,25-
epoxycholesterol alone. Third, lanosterol gives a peak just after
cholesterol. Although the monitoring ion for lanosterol is differ-
ent from that for cholesterol, a huge cholesterol peak in biological
samples can sometimes interfere with the lanosterol peak.

These problems are resolved by using another reversed-
phase column, Hypersil GOLD aQ (150 mm × 2.1 mm I.D., 3 �m,
Thermo Fisher Scientific). This column is usually used for sep-
arations employing highly aqueous mobile phases, but we
use it as follows: initially, the mobile phase is comprised of
acetonitrile–methanol–water (40:40:20, v/v/v) containing 0.1%
acetic acid; it is then programmed in a linear manner to
acetonitrile–methanol (50:50, v/v) containing 0.1% acetic acid over
40 min. The final mobile phase is maintained constant for an
additional 2 min. The flow rate is 300 �l/min, and the column is

maintained at 40 ◦C using a column oven.

The RRTs by the Hypersil GOLD aQ column are also shown
in Table 2. Compared with the Hypersil GOLD column, the
width of each peak tends to be wide, and the order of
elution from the column is very different. Good chromato-
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Table 2
Positive ESI-SRM and HPLC data of the picolinyl ester derivative of each sterola.

Picolinyl ester derivatives SRM condition HPLC data (RRTc)

Precursor to product (m/z) Collision energy (V) Patternb C18d C18 aQe

24S-Hydroxy-4-cholesten-3-one 528 → 146 24 A 0.34 0.30
25-Hydroxy-4-cholesten-3-one 528 → 146 24 A 0.36 0.37
27-Hydroxy-4-cholesten-3-one 528 → 146 24 A 0.40 0.42
7�-Hydroxy-4-cholesten-3-one 528 → 146 24 A 0.42 0.33
7�-Hydroxy-4-cholesten-3-one 528 → 146 24 A 0.44 0.36
5�-Cholesta-8(9),14,24-trien-3�-ol 551 → 510 12 B 0.71 0.71
Cholesta-5,7,24-trien-3�-ol 551 → 510 12 B 0.73 0.79
Cholesta-5,8,24-trien-3�-ol 551 → 510 12 B 0.75 0.78
5�-Cholesta-7,24-dien-3�-ol 553 → 512 12 B 0.81 0.87
Zymosterol 553 → 512 12 B 0.82 0.86
Desmosterol 553 → 512 12 B 0.83 0.88
5�-Cholesta-8(9),14-dien-3�-ol 553 → 512 12 B 0.84 0.87
5�-Cholesta-6,8(9)-dien-3�-ol 553 → 512 12 B 0.85 0.83
7-Dehydrocholesterol 553 → 512 12 B 0.87 0.92
8-Dehydrocholesterol 553 → 512 12 B 0.89 0.91
Lathosterol 555 → 514 15 B 0.97 0.98
8-Lathosterol 555 → 514 15 B 0.98 0.98
Cholesterol 555 → 514 15 B 1.00 1.00
Coprostanol 557 → 516 14 B 1.05 0.91
Cholestanol 557 → 516 14 B 1.10 1.04
4-Methyl-5�-cholesta-8(9),24-dien-3�-ol 567 → 526 12 B 0.89 0.89
4-Methyl-5�-cholesta-8(9),14-dien-3�-ol 567 → 526 12 B 0.90 0.92
24S,25-Epoxycholesterol 569 → 528 12 B 0.42 0.53
7-Ketocholesterol 569 → 528 12 B 0.53 0.48
4-Methyl-5�-cholest-8(9)-en-3�-ol 569 → 528 12 B 1.07 1.01
Campesterol 569 → 528 12 B 1.10 1.03
20�-Hydroxycholesterolf 571 → 530 14 B 0.40 0.43
5�,6�-Epoxycholestanol 571 → 530 14 B 0.68 0.64
5�,6�-Epoxycholestanol 571 → 530 14 B 0.70 0.68
4,4′-Dimethyl-5�-cholesta-8(9),14,24-trien-3�-ol 579 → 538 14 B 0.84 0.78
4,4′-Dimethyl-5�-cholesta-8(9),24-dien-3�-ol 581 → 540 14 B 0.97 0.93
4,4′-Dimethyl-5�-cholesta-8(9),14-dien-3�-ol 581 → 540 14 B 1.01 0.99
4,4′-Dimethyl-5�-cholest-8(9)-en-3�-ol 583 → 542 14 B 1.19 1.04
Sitosterol 583 → 542 14 B 1.22 1.07
Sitostanol 585 → 544 14 B 1.36 1.11
Lanosterol 595 → 554 12 B 1.01 0.90
Dihydrolanosterol 597 → 556 15 B 1.24 1.01
27-Hydroxy-7-dehydrocholesterol 633 → 510 22 C 0.49 0.62
7�-Hydroxycholesterol 635 → 146 22 A 0.61 0.53
7�-Hydroxycholesterol 635 → 146 22 A 0.62 0.51
6-Hydroxycholesterol 635 → 146 22 A 0.69 0.63
4�-Hydroxycholesterol 635 → 146 22 A 0.78 0.76
22R-Hydroxycholesterol 635 → 512 22 C 0.47 0.55
22S-Hydroxycholesterol 635 → 512 22 C 0.50 0.48
24R-Hydroxycholesterol 635 → 512 22 C 0.50 0.56
24S-Hydroxycholesterol 635 → 512 22 C 0.50 0.57
25-Hydroxycholesterol 635 → 512 22 C 0.53 0.66
27-Hydroxycholesterol 635 → 512 22 C 0.58 0.71
5�-Cholestane-3�,7�-diol 637 → 514 22 C 0.64 0.49
7�,27-Dihydroxy-4-cholesten-3-one 649 → 146 28 A 0.18 0.17
7�,12�-Dihydroxy-4-cholesten-3-one 649 → 146 28 A 0.19 0.14
Cholestan-3�,5�,6�-triolf 653 → 146 28 A 0.60 0.50
7�,27-Dihydroxycholesterol 756 → 510 20 D 0.33 0.31
5�-Cholestane-3�,7�,12�-triol 758 → 635 28 C 0.32 0.24
5�-Cholestane-3�,7�,12�,25-tetrol 879 → 756 20 C 0.15 0.12

Abbreviations: ESI, electrospray ionization; SRM, selected reaction monitoring; RRT, relative retention time.
a Some data in this table have been reported in our previous paper [43,44].
b Patterns of precursor to product ions. A: [M + Na]+ → [picolinic acid + Na]+; B: [M + Na + CH3CN]+ → [M + Na]+; C: [M + Na]+ → [M + Na–picolinic acid]+; D:

[M + Na]+ → [M + Na–2 picolinic acids]+. A, B, C and D correspond to those in Fig. 2.
c RRTs are expressed relative to the retention time of cholesterol 3�-picolinate.
d A reversed-phase C18 column, Hypersil GOLD (150 mm × 2.1 mm I.D., 3 �m, Thermo Fisher Scientific) was employed. Initially, the mobile phase was comprised of

acetonitrile–methanol–water (40:40:20, v/v/v) containing 0.1% acetic acid, then it was programmed in a linear manner to acetonitrile–methanol–water (45:45:10, v/v/v)
containing 0.1% acetic acid over 20 min. The final mobile phase was kept constant for an additional 20 min. The flow rate was 300 �l/min, and the column was maintained
at 40 ◦C using a column oven. The retention time of cholesterol 3�-picolinate by this condition was around 28.5 min.

e Polar endcapped C18 column, Hypersil GOLD aQ (150 mm × 2.1 mm I.D., 3 �m, Thermo Fisher Scientific) was used. Initially, the mobile phase was comprised of
acetonitrile–methanol–water (40:40:20, v/v/v) containing 0.1% acetic acid; then it is programmed in a linear manner to acetonitrile–methanol (50:50, v/v) containing
0.1% acetic acid over 40 min. The final mobile phase was kept constant for an additional 2 min. The flow rate was 300 �l/min, and the column was maintained at 40 ◦C. The
retention time of cholesterol 3�-picolinate by this condition was around 36.5 min.

f Hydroxyl groups at the C-5� and C-20� positions of oxysterols are not derivatized.
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raphic separations are achieved between 7�-hydroxycholesterol
nd 7�-hydroxycholesterol, 7�-hydroxy-4-cholesten-3-one and
4S,25-epoxycholesterol, and cholesterol and lanosterol. However,
he lathosterol and 8-lathosterol peaks are not differentiated.

The separations of picolinylated sterols by these reversed-
hase columns are not at all inferior to the separation of free
terols by reversed-phase HPLC [15,21]. For example, the sepa-
ation of 24-hydroxycholesterol and 25-hydroxycholesterol was
ifficult, but DeBarber et al. achieved the chromatographic sep-
ration and quantification by using a mobile phase consisted of
cetonitrile–methanol–water and APCI-MS/MS detector [33]. In
ontrast, McDonald et al. failed to quantify these sterol isomers
eparately by using an eluent of methanol–water and ESI–MS/MS
etector [21]. They did not use acetonitrile because the pres-
nce of acetonitrile significantly reduced signal intensity of sterols
nalyzed by this detector. As for picolinylated 24- and 25-
ydroxycholesterols, they were well separated each other by using
cetonitrile–methanol–water as a mobile phase, and excellent sen-
itivities were achieved by ESI–MS/MS detector.

.5. Sample preparation

Long term storage or repeated freeze and thaw of biological
amples should be avoided because it stimulates cholesterol autox-
dation [61]. Addition of the antioxidant, butylated hydroxytoluene,
o the sample before sample preparation produced only a modest
ecrease in oxidation. Therefore, minimizing oxidation by using
ood lab practices is important [21].

To analyze the unesterified fraction of sterols, serum (1–5 �l),
ubcellular fraction of tissue (0.1–1.0 mg protein), or cell
omogenate (1 × 104–1 × 105 cells) is dried with the added inter-
al standards, and directly derivatized to the picolinyl esters [43].
o analyze the total (unesterified + esterified) fraction, saponifica-
ion is carried out in 1 N ethanolic KOH at 37 ◦C for 1 h, and sterols
re extracted with n-hexane before derivatization [44]. It may be
entioned here that some sterols occur as conjugates with sulfuric

r glucuronic acid [62–64]. Negative ESI mode without derivati-
ation is suitable for the analyses of these conjugated sterols, and
he conjugated sterols are much more polar than picolinyl esters of
nconjugated sterols.

Because this assay method is very sensitive, we can mini-
ize the loading of derivatized sample on the HPLC column.
lthough the solid-phase extraction/purification step is omitted,

arget sterols are successfully separated by the HPLC–MS/MS step.
n case of human serum analysis, less than 1 ng of picolinyl esters of
on-cholesterol sterols are injected onto the column with approxi-
ately 200 ng of cholesterol picolinate. Under our HPLC conditions,

his amount of cholesterol picolinate is easily trapped in the Hyper-
il GOLD and Hypersil GOLD aQ columns and eluted at around
8.5 min and 36.5 min, respectively, which is well separated from
he picolinyl esters of most non-cholesterol sterols.

While picolinyl esters of sterols are very soluble in acetoni-
rile, nonpolar compounds, such as fatty acyl esters of cholesterol,
emain underivatized and do not dissolve in the final acetonitrile
olution. Nonpolar compounds are strongly retained on reversed-
hase HPLC columns, but in this method, loading of the nonpolar
ompounds on the column is minimized.

.6. Precision and accuracy

The linearity of the standard curves, as determined by simple

inear regression, was excellent, as reported in our previous papers
43,44]. Reproducibilities and recoveries of some sterols were val-
dated according to a one-way layout and polynomial equation,
espectively [43,44]. The variances between sample preparations
nd between measurements by this method were calculated to

[

[
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be 1.6–12.7% and 2.5–16.5%, respectively. In these results, higher
values of the variances (over 10%) were obtained by the quantifi-
cation of sterols that showed extremely low concentrations in the
samples. To test matrix effects, the recovery experiments were per-
formed using human serum or rat liver microsomes spiked with
0.05–12 ng of sterols. Recoveries of the sterols ranged from 86.7% to
107.3% with a mean recovery of 99.3%, which suggests that matrix
effects are not significant in this assay. This method provides repro-
ducible and reliable results for the quantification of sterols in small
amounts of biological samples.

5. Perspectives

HPLC–MS or HPLC–MS/MS does not require a derivatization step
before the analysis of sterols, which is advantageous for a high-
throughput assay. However, the addition of the derivatization step
has markedly improved the sensitivities of the neutral sterols. Thus,
simple and rapid procedures do not always produce good results
for the microanalysis of biological samples. In addition, since many
sterols have the same molecular weight and similar structures, a
thorough chromatographic separation is essential to maintain the
selectivity even if the latest model of mass spectrometer is operated
in a high-resolution mode.

The recent development of steroid biochemistry has demon-
strated that there are considerable bioactive or biomarker sterols
among intermediates and their derivatives in the biosynthetic
pathways of cholesterol, bile acids and steroid hormones. More-
over, there are still many unidentified sterols in biological samples.
Therefore, not only sensitive and specific quantification of targeted
sterols but also metabolomic analysis of whole sterol profiles will
become an important methodology for steroid biochemistry and its
clinical applications.
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