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bstract

A gas chromatographic–mass spectrometric (GC–MS) method is proposed for the detection and quantification of lathosterol in rabbit brain.
his compound is one of the most important precursors of the cholesterol synthesis. The interest in brain cholesterol metabolism is growing
owadays since it was described to play an important role in some neurodegerative disorders such as Alzheimer’s disease and Multiple Sclerosis.
he analytical methodology proposed involves a liquid–liquid extraction procedure (LLE) followed by a silylation step previous to the GC–MS
nalysis. The chromatographic separation was performed by using a low bleed HP5-MS fused silica capillary column. A clean up is not necessary
hen using single-ion monitoring (SIM) mode. The molecular ion appears at 458 m/z; being as well the base peak. �-Naphtol was used as an

−1
nternal standard. The detection limit obtained was 0.09 �g mL . The method was applied to the determination of brain lathosterol levels in rabbits
ed with different types of diets (control and atherogenic, supplemented or not with natural polyphenolic antioxidants). The quantification of the
ompound in samples showed a reduction, after 1 month, of this precursor of cholesterol synthesis in groups fed with antioxidant supplemented
iets.

2006 Elsevier B.V. All rights reserved.
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. Introduction

High concentrations of cholesterol have been implicated as a
ossible risk factor for some neurodegerative disorders such as
lzheimer’s disease (AD) and Multiple Sclerosis [1–4]. These

evels have been linked to pathological processing of the amy-
oid precursor protein (APP) and formation of �-amyloid in the
rain, a hallmark of the AD pathology [4–9]. The central nervous
ystem (CNS) is very rich in cholesterol. It has been estimated
hat about 25% of the total cholesterol contained in the body
s present in the brain, while the whole body cholesterol just

akes up about 2% [10,11,15]. Studies in patients with AD
howed that the plasma and CSF levels of this oxysterol and its
atio to cholesterol were significantly affected due to neurode-

eneration which enhanced the release of cholesterol in the brain
12–14,16].

∗ Corresponding author. Tel.: +34 958 243 326; fax: +34 958 243 328.
E-mail address: azafra@ugr.es (A. Zafra-Gómez).
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Cholesterol synthesis comprises at least 19 steps from the first
terol. Sterols such as lanosterol and other methyl sterols and
emethylated cholestanol, desmosterol, as well as lathosterol,
re directly related to natural synthesis [17,18]. In fact, lath-
sterol is one of the most important precursors, and its ratio to
holesterol has been used as a marker for whole body cholesterol
ynthesis [19,20].

The quantification of lathosterol is complicated by the pres-
nce of numerous other lipids and the low concentration of the
ompound relative to cholesterol (ratio lathosterol/cholesterol is
pproximately 1/100). It is well known that sample preparation is
ne of the most critical steps in the analysis of biological fluids
nd compounds in biological matrices. Since methods, previ-
usly proposed in the bibliography, lack sufficient details about
reparation of samples, the chromatographic conditions and the
nalytical sensitivity, they are not easily reproducible and sample
reparation is expensive and time consuming. In addition, flame

onization detection (FID) is a poor technique for adequate iden-
ification of compounds in gas chromatography [21,22]. Sterols
ave been analysed by capillary gas chromatography in biologi-
al fluids, mainly serum, liver or kidney after a laborious sample

mailto:azafra@ugr.es
dx.doi.org/10.1016/j.jchromb.2006.11.022
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thesized with a solution of sodium pentothal in ultrapure water
(1/50) and then exanguinated with a carotid cannula. In order
to avoid sample alteration, the head of the rabbit was sectioned
between the tegmentum and the first cervical, and the skin and

Table 1
Summary of the diets used in the study

Components Diets

Control
diet (IC)

Atherogenic
diet (AT)

Antioxidant
diet (AO)

Chow dieta (%) 97 96 97
Sunflower oil (%) 3 0 0
Cholesterol (%) 0 1.3 0
Lard (%) 0 3 0
78 B. Luzón-Toro et al. / J. Chr

reparation procedure including saponification [23–30]. Solid
hase extraction (SPE) and solid phase microextraction (SPME)
ollowed by gas chromatography-flame ionization detector (GC-
ID) have also been proposed [30,31]. Lütjohann et al. propose
very good GC–MS method for the determination of lathosterol

n serum and brain samples [32]; however, the main drawback of
he method is that they involve extensive, time-consuming and
xpensive procedures for sample preparation and derivatization.
ong sample preparation times are obviously disadvantageous,
nd multistep procedures are prone to analyte loss.

In this paper, a simple and rapid method for a sensitive and
recise determination of lathosterol in brain is proposed. After
ptimization, the method was applied to study the effects of nat-
ral polyphenolic antioxidants on brain cholesterol metabolism
y measuring lathosterol levels in rabbit brain. An atherogenic
abbit model fed with different types of diets is studied. This
odel was selected as an easy method to increase brain and

erum cholesterol levels in a short period of time. The sup-
lementation of diets with a natural antioxidant showed its
fficiency as a potential neuroprotector. The experimental model
f diet-induced atherosclerosis in rabbits has been extensively
sed to evaluate the effects of fat in the development of lesions
nd as biomarkers of the disease [33,34].

. Experimental

.1. Reagents and standards

All reagents were of analytical grade unless stated otherwise.
ater was purified with a Milli-Q plus system (Milli-

ore, Bedford, USA). Methanol, trichloromethane, ethanol
nd ethyl acetate, were supplied by Panreac (Barcelona,
pain). Tris–HCl buffer, ethylendiaminotetracetic acid (EDTA),
,R-dithiothreitol (DTT) and phenylmethanesulfonyl fluoride

PMSF) were purchased from Sigma–Aldrich (St. Louis, USA).
Stock solutions of 5�-cholest-8-en-3�-ol (lathosterol),

upplied by Sigma–Aldrich (St. Louis, USA), containing
000 �g mL−1 were prepared in ethanol 99% (v/v) (Panreac,
arcelona, Spain). The solutions were stored in dark bottles at
◦C, remaining stable for at least 3 months. These solutions
ere used to obtain calibration curves.
A standard solution of 1000 �g mL−1 of �-naphtol

Sigma–Aldrich, St. Louis, USA) in ethanol was used as inter-
al standard after adequate dilution to a final concentration of
.0 �g mL−1.

N,O-Bis(trimethylsilyl) acetamide (TMSA), N-trimethylsilyl
midazole (TMSI), trimethylchlorosilane (TMCS), the mixture
ormed by TMCS, hexamethyldisilazane (HMDS) and pyridine
Sigma Sil A) and N,O-bis(trimethylsilyl) trifluoroacetamide
BSTFA) were supplied by Sigma–Aldrich (St. Louis, USA).

.2. Apparatus
Gas chromatographic analysis was performed using a Var-
an CP3400 GC System (Varian Inc., Palo Alto, USA) fitted
ith a splitless automatic injector CP8200 for a low back-
round HP5-MS fused silica capillary column (30 m × 0.25 mm

N
T
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.d. × 0.25 �m film thickness) supplied by Agilent (Palo Alto,
SA). A silylated injector liner split/splitless (2 mm i.d.) was
sed. Detection was carried out with a MS/MS 2000 ion-trap
etector (Varian, Inc., Palo Alto, USA) and the GC–MS oper-
tion control and the data process were carried out by Saturn
.5.1 software package (Varian Inc., Palo Alto, USA).

The carrier gas used was helium (purity 99.999%) at a flow
ate of 1.0 mL min−1. The samples were injected in the splitless
ode, with the split closed for 2.0 min. The sample volume in

he direct injection mode was 1 �L.
The conditions used for electron impact ionization (EI) were:

on energy of 70 eV and a mass range from 140 to 465 m/z
ere used. The MS was tuned everyday to m/z 69, 219 and
02 with perfluorotributylamine (PFTBA) as a calibration stan-
ard. Single-ion monitoring (SIM) acquisition mode (dwell time
00 ms/ion) was selected.

.3. Preparation of animal and diets

Thirty-five male New Zealand rabbits (weight 2.5–3.0 kg)
ere obtained from Harlan Interfauna Iberica SA (Barcelona,
pain). The animals were randomly distributed into five exper-

mental groups (n = 7) and individually housed under standard
onditions of lighting (12 h day:12 h night cycles), temperature
18 ± 1 ◦C) and humidity (65.0%). Drinking water was available
d libitum throughout the study and food intake for each animal
as standardised to 150 g day−1. The diets used in the study
ere as follows: 97.0% standard chow diet (Panreac, Barcelona,
pain), 3.0% sunflower oil (control diet); 96.0% standard chow
iet, 1.3% of cholesterol and 3.0% of lard to induce atherosclero-
is (atherogenic diet); 97.0% standard chow diet, supplemented
ith 5.6 mg kg−1 of a natural antioxidant. The three diets used

ontained 6.0% of total fat, excluding cholesterol. The compo-
ition of the standard chow diet was 13.5% protein, 3.0% fat,
0.0% carbohydrates, 15.5% fibre, 7.0% minerals and 11.0%
ater. The nomenclature used was, initial control (IC), athero-
enic (AT 30 and 60 days) and natural antioxidant (AO 30 and
0 days). Table 1 shows an outline of diets used in this study.

At the end of the experimental period, the rabbits were anes-
atural antioxidant (mg kg−1) 0 0 5.6
otal fat (excluding cholesterol) (%) 6 6 6

a Standard chow diet: 13.5% protein, 3% fat, 50% carbohydrates, 15.5% fibre,
% minerals and 11.0% water.
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uscles were removed from back of neck towards nose. The dis-
ection started sectioning the skull from foramen in an anterior
anner, to take it away carefully. A little press with forceps in the
edulla oblongata region under the brain was applied to remove

he brain. After collection, samples were stored at −80 ◦C until
se.

The brain samples were accurately weighed and homoge-
ized with a pH 7.4 buffer (1 mL buffer per gram of tissue)
sing a Potter homogenizer. The buffer was a mixture of
0 mM tris–HCl buffer, 2 mM ethylene glycol bis(2-aminoethyl
ther)-N,N,N′N′-tetraacetic acid (EGTA), 1 mM ethylenedi-
minetetraacetic acid (EDTA), 1 mM benzamidine, 1 mM
ithiothreitol (DTT) and 1 mM phenylmethylsulfonyl fluoride
PMSF), pH 7.4. EGTA, EDTA (metal chelators) and DTT
reducing agent) were used to reduce the oxidation damage. Ben-
amidine and PMSF are used as protease inhibitors in order to
void the cerebral proteins degradation.

.4. Extraction procedure

A 4 mL of the homogenate was extracted with 10 mL of a
ixture trichloromethane/methanol (2:1, v/v, in a 50 mL Falcon

ube). The mixture was strongly mixed before centrifugation
0.0 min at 2500 rpm. The underlying organic phase was trans-
erred to a spherical flask and the process was repeated twice.
fter the combination of all three trichloromethane/methanol
hases, they were dried in a rotary vacuum pump at 45 ◦C. The
ried samples were suspended again in a total volume of 7 mL
f trichloromethane/methanol (2:1, v/v) mixture and 10 �L of
-naphtol (1000 �g mL−1) was added to 0.5 mL of this extract
nd was then evaporated under nitrogen. Finally, 250 �L of ethyl
cetate was added and shaken until completely dissolved.

.5. Derivatization and gas chromatography analysis

The 25 �L of a mixture containing N,O-bis(trimethylsilyl)
rifluoroacetamide, pyridine and ethyl acetate (3:1:1, v/v/v) was
dded to 25.0 �L of the extract. The mixture was mechanically
haken for 1.0 min at room temperature. At this point, the sample

as ready to be injected into the GC–MS. It was checked that

he silylated compound were stable for at least 3 days.
Gas chromatographic analysis was carried out in the splitless

ode, with the split closed for 2.0 min. The injector temperature

o
e

a

Fig. 2. Mass spectra of silylated
ig. 1. Representative total ion chromatogram (TIC) of a brain sample, spiked
ith �-naphtol.

as set at 280 ◦C (25.0 min). The oven temperature was held at
50 ◦C for 3.0 min and then linearly increased to 290 ◦C at a
eating rate of 30 ◦C min−1, remaining constant for 17.33 min.
he total running time was 25.0 min. The transfer line, manifold
nd trap temperatures were at 260, 40 and 210 ◦C, respectively.

. Results and discussion

.1. Derivatization of the analytes

As silylation reagents, N,O-bis(trimethylsilyl) acetamide
TMSA), N-trimethylsilyl imidazole (TMSI), trimethyl
hlorosilane (TMCS), a mixture formed by TMCS, hexam-
thyldisilazane (HMDS) and pyridine as polar solvent in a ratio
:3:9 named Sigma Sil A and N,O-bis(trimethylsilyl) triflu-
roacetamide (BSTFA) in presence of pyridine as base were
ested. Reaction time and temperature were simultaneously

odified. BSTFA in presence of pyridine was selected as the
ost adequate silylation reagent for lathosterol, and it was
bserved that 1 min at room temperature using the reagent was
nough to produce the complete derivatization of compounds.

The effect of varying the concentration of BSTFA in ethyl
cetate, the volume of pyridine and the reaction time was studied.

lathosterol and �-naphtol.
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The calibration graphs are linear at least for the concentration
range 0.1–10.0 �g mL−1. Linearity of the calibration graphs was
tested according to the Analytical Methods Committee [35]; the
lack-of-fit test was applied to six replicates of each standard.

Table 3
Lathosterol concentrations measured in rabbit brains

C (�g mL−1) mtissue (g) mgLath g−1
tissue Mean

(mg g−1)
S.D. (R.S.D.)

Control
6.822 4.24 0.805 0.837 0.036 (4.3%)
3.892 2.90 0.871
7.870 4.70 0.837
7.798 4.67 0.835
5.319 3.33 0.795
6.181 3.80 0.819
8.419 4.70 0.896

Atherogenic 30 days
9.195 4.45 0.944 0.957 0.48 (5.0%)
4.457 2.38 0.936
8.726 4.58 0.953
8.662 4.88 0.888
7.780 4.25 1.029
9.512 4.54 1.009
8.702 4.59 0.940
ig. 3. Rabbit brain lathosterol levels measured by GC–MS (AT: atherogenic
iet, AO: antioxidant diet, IC: initial control).

he optimum result for derivatization of 25 �L of the rabbit brain
xtract was obtained using a mixture of N,O-bis(trimethylsilyl)
rifluoroacetamide, pyridine and ethyl acetate 3:1:1 (v/v/v).

.2. Gas chromatographic–mass spectrometric analysis

Fig. 1 shows a characteristic chromatogram obtained for a
ilylated sample extract. Note that the mass recorder was closed
etween 17.6 and 19.4 min to remove the high signal due to
he cholesterol present in samples and to avoid filament dam-
ge. Silylated lathosterol eluted at 19.9 min while the internal
tandard (�-naphtol) eluted at 12.7 min.

SIM mode was used for quantification. The selection of high
ass fragments as quantification ions is of great interest, par-
icularly when complex matrices are to be analysed, due to the
ecreased likelihood of interferences. The mass spectra obtained
n scan mode are shown in Fig. 2.

able 2
nalytical parameters

arameter Value

7
(mL �g−1) 8.56 × 10−2

b 6.82 × 10−4

3.30 × 10−2

a 3.43 × 10−3

etermination coefficient (%) 99.68
inear dynamic range (�g mL−1) 0.1–10.0
C�,0.05 (�g mL−1) 0.090
C�,0.05 (�g mL−1) 0.150
elative standard deviation (%) 5.2

y/x 8.15 × 10−3

ack-of-fit test Plof (%) 10.5

: Calibration levels; a: intercept; Sa: intercept standard deviation; b: slope; Sb:
lope standard deviation; CC�,0.05: decision limit; CC�,0.05: detection capability;

rc: regression standard deviation; Plof: P-value for lack of fit test.

A

A

A

ogr. B 850 (2007) 177–182

Silylated lathosterol shows the base peak at 458 m/z corre-
ponding to the molecular ion and it was used as target ion.
he peak corresponding to a loss of a methyl group at m/z 443

M−15] was used as qualifier ion. For the silylated internal stan-
ard, �-naphtol, the ions used were those corresponding to m/z
16 (molecular ion) and 201 (loss of a methyl group).

.3. Analytical performance

Calibration graphs for samples treated according to the ana-
ytical procedure described above were made using SIM mode.
therogenic 60 days
5.208 4.46 1.064 1.036 0.058 (5.6%)
5.344 4.38 0.915
4.771 4.13 1.030
6.225 4.47 1.091
5.597 4.27 1.072
5.185 4.12 1.055
6.920 5.02 1.024

ntioxidant 30 days
10.012 4.75 0.580 0.635 0.050 (7.9%)
8.688 4.75 0.596
7.914 3.84 0.578
11.590 5.31 0.696
9.233 3.94 0.655
10.189 4.83 0.651
9.259 4.52 0.690

ntioxidant 60 days
3.780 3.34 0.566 0.585 0.041 (7.0%)
6.787 5.29 0.641
5.551 4.89 0.568
4.179 3.61 0.579
5.617 5.22 0.534
3.780 3.34 0.566
6.787 5.29 0.641
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Table 4
ANOVA and Bonferroni’s Multiple Comparison post hoc test

ANOVA SS d.f. MS

Treatment (between columns) 1.082 4 0.2704
Residual (within columns) 0.067 30 0.0022

Total 1.149 34

Bonferroni’s test Mean diff t-Value P-value 95% CI of diff

Control vs. AT 30 −0.1201 4.766 <0.05 −0.1965 to −0.0438
Control vs. AT 60 −0.1990 7.894 <0.05 −0.2754 to −0.1226
Control vs. AO 30 0.2017 8.002 <0.05 0.1253 to 0.2781
Control vs. AO 60 0.2519 9.991 <0.05 0.1755 to 0.3282
AT 30 vs. AT 60 −0.07886 3.128 <0.05 −0.1552 to −0.0025
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O 30 vs. AO 60 0.05014 1

S: sum of squares; d.f.: degrees of freedom; MS: mean square; CI: confidence

wo instrumental replicates of three standards at each calibra-
ion level were performed. The results for the intercept (a), slope
b), correlation coefficient (R2) and probability level of the lack-
f-fit test (Plof (%)) are summarized in Table 2. Thus, the data
ield shows good linearity within the stated ranges. The pre-
ision, determined as relative standard deviation (R.S.D.), was
easured for a concentration of 1.0 �g mL−1 of lathosterol by

erforming ten independent determinations.
A fundamental aspect which needs to be examined in the

alidation of any analytical method is its limit of detection in
rder to determine whether an analyte is present in the sample.
n this paper, the criteria for method performance – that include
he decision limit, CC�, and the detection capability, CC� [36]
have been proposed. The decision limit defines the limit from
hich it can be decided that a sample is contaminated with an

rror probability of �. The detection capability is the smallest
ontent of the analyte that may be detected, identified and/or
uantified in a sample with an error probability of �. The deci-
ion limit and the detection capacity which are better adjusted
o a statistical evaluation are implemented. Thus, CC� and CC�

ere calculated and the results obtained are also summarized in
able 2 (probability 5%).

.4. Lathosterol determination

An atherogenic model in rabbits was established by dietary
anipulation. Brain from rabbits fed with different types of diet

control, atherogenic and antioxidant) for 30 and 60 days were
ollected at initial time (control group), and treated according
o Section 2.3 described above. The concentration of lathosterol
as determined by interpolation from the standard calibration

urve within its linear dynamic range. Table 3 shows the data
omparison of lathosterol content depending on the diet and on
he period of application (30 and 60 days). Fig. 3 shows the
volution of lathosterol levels in rabbit brain samples.

A statistical analysis using Graph Pad Prism, Version 4.0

oftware of data represented in Fig. 3 was carried out. ANOVA
ollowed by a Bonferroni’s Multiple Comparison post hoc test
or comparing pair of groups was performed. The results are
hown in Table 4.

C
d

>0.05 −0.0262 to 0.1265

al.

From Table 4, it can be concluded that there is a significant
ifference (P < 0.05) between control and each one of the athero-
enic groups (AT 30 and AT 60), as well as among control group
nd the groups fed with antioxidant, at both times (AO 30 and
O 60).

On the contrary, when groups AT 30 and AT 60 were
ompared, a significant increase in brain lathosterol concen-
ration (P < 0.05) was detected. However, when AO 30 and
O 60 were compared, P-value is larger than 0.05 and the
onfidence interval includes the value 0, which means that
here is no significant difference between both the groups
ompared.

After the application of Bonferroni Multiple Comparison test
or correction, it has been demonstrated that brain lathosterol
ncrease in atherogenic group and reduction in antioxidant group
re both statistically significant.

. Conclusions

A simple, sensitive, precise and rapid method to evaluate
he level of lathosterol in brain samples is proposed. The

ethod utilized GC–MS determination of this precursor
f cholesterol synthesis in rabbit brain; the data obtained
ere used as markers of the evolution of brain cholesterol

evels thus making the periods of study shorter. The data in
able 4 and Fig. 3 demonstrate that animals supplemented
ith natural antioxidant have a notable reduction of the
rain lathosterol levels after 30 days; however, no further
hanges are observed within 60 days compared to 30 days. The
roup fed with an atherogenic diet showed a high increase in
athosterol content after 1 month, as expected. The presence
f polyphenolic antioxidants in the diet affected the production
f lathosterol and, therefore, of cholesterol production in the
rain.
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