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(SPE), HPLC, derivatization, and GC-MS for screening of 
unconjugated neurosteroids and/or neuroactive steroids 
and their precursors and metabolites in small regions of 
the central nervous system and plasma ( 1, 2 ). Our method 
has been applied to studies of the steroidogenic profi le in 
Alzheimer’s and nondemented patients ( 3 ), the modula-
tion of steroid biosynthesis after spinal cord and traumatic 
brain injury in rats ( 4, 5 ), and steroid profi les of the nema-
tode  Caenorhabditis elegans  ( 6 ). 

 While the majority of studies concerning identifi cation 
and quantifi cation of free steroids in the central nervous 
system have given consistent results in terms of reproduc-
ibility, accuracy, and reliability, the situation is less clear 
for conjugated steroids, such as sulfated pregnenolone 
(PREGS) and dehydroepiandrosterone (DHEAS) ( 7 ). 
These steroids were among the fi rst to be determined in 
rodent brain ( 8, 9 ), and their presence did not seem to 
depend on steroidogenic gland secretion. Many articles 
have described neuromodulatory and neuropharmacologi-
cal effects of the two steroid sulfates ( 10–12 ), in general 
qualifying them as excitatory steroids. They have mainly 
promnesic ( 13 ) and neuroprotective effects ( 14 ) but can 
be harmful under particular pathophysiological conditions 
( 15 ). However, the presence and the local synthesis of ste-
roid sulfates was called into question when HPLC/tandem 
mass spectrometry and immunoassays showed that the 
levels of PREGS and DHEAS (analyzed as intact conju-
gates) in rodent brain were close to or below the detection 
limit (<0.3 ng/g) ( 16–18 ). Using a newly developed SPE 
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 The availability of reliable methods for analysis of ste-
roids is essential for gaining an understanding of the local 
modulation of neurosteroidogenesis in pathophysiologi-
cal contexts and in neurodegenerative diseases. We have 
established a method based on solid-phase extraction 

 Manuscript received 7 April 2009 and in revised form 2 June 2009. 

  Published, JLR Papers in Press, June 8, 2009  
  DOI 10.1194/jlr.M900162-JLR200  

 Analysis of pregnenolone and dehydroepiandrosterone in 
rodent brain: cholesterol autoxidation is the key 

  Philippe   Liere,   1, *   Antoine   Pianos,  *   Bernard   Eychenne,  *   Annie   Cambourg,  *   Karl   Bodin,   †   
 William   Griffi ths,   †,2    Michael   Schumacher,  *   Etienne-Emile   Baulieu,  *  and  Jan   Sjövall   †   

 Unité Mixte de Recherche 788,* INSERM, University Paris-Sud 11, 94276 Kremlin-Bicêtre, France; and 
Department of Medical Biochemistry and Biophysics, †  Karolinska Institutet, S-171 77, Stockholm, Sweden 

 Abbreviations: ADIOL, androst-5-ene-3 � ,17 � -diol; CE, cholesteryl 
ester; CHOL, cholesterol; CHOLS, cholesterol sulfate; DG, diglyceride; 
DHEA, dehydroepiandrosterone (3 � -hydroxyandrost-5-en-17-one); 
DHEAS, dehydroepiandrosterone sulfate; HFB, heptafl uorobutyrate; 
HFBA, heptafl uorobutyric anhydride; MG, monoglyceride; MSTFA, 
 N -methyl- N -trimethylsilyltrifl uoroacetamide; OHC, hydroxycholesterol; 
PL, phospholipid; PREG, pregnenolone (3 � -hydroxypregn-5-en-20-one); 
PREGS, pregnenolone sulfate; RIA, radioimmunology analysis; SPE, 
solid-phase extraction; TEA, triethylamine; TG, triglyceride. 

  1  To whom correspondence should be addressed.  
   e-mail: philippe.liere@inserm.fr 
  2  Present address of W. Griffi ths: Institute of Mass Spectrometry, 
School of Medicine, Swansea University, Swansea SA2 8PP, UK. 



Artifacts by cholesterol autoxidation in steroid analysis 2431

FeSO 4  100 mM in methanol/water (7/3) for 2 h at 60°C. The 
recycling C18 SPE procedure was then applied, and the free ste-
roid fraction (eluted with methanol/water; 9/1) was collected 
and derivatized with HFBA at 20°C before GC-MS analysis. Con-
trol experiments were carried out in the same way with omission 
of FeSO 4 . 

 Purifi cation and fractionation methodologies 
 C18 SPE with recycling and fractionation .    Unless otherwise 

stated, the fi rst step in all the experiments was a SPE using C18 
cartridges (500 mg, 6 ml; International Sorbent Technology, Mid 
Glamorgan, UK). The simplifi ed recycling/elution protocol de-
scribed in our previous article ( 2 ) was used to separate sulfated, 
free, and fatty acid esters of steroids without cross-contamination. 
Brain extracts were dissolved in 1 ml methanol and applied to the 
C18 cartridge followed by 5 ml of methanol/water (85/15). The 
fl ow-through, containing the free and sulfated forms of PREG 
and DHEA, was collected and dried. After a previous recondi-
tioning of the same cartridge with 5 ml water, the dried samples 
were dissolved in methanol/water (2/8) (the residue was fi rst 
dissolved in methanol and 4 vols of water was then added) and 
reapplied. The cartridge was then washed with 5 ml water and 
sulfated, free, and lipoidal steroids were eluted with 5 ml metha-
nol/water (1/1), 5 ml methanol/water (9/1), and 5 ml metha-
nol/CHCl 3  (1/1), respectively. An additional 5 ml of hexane was 
applied to increase the recovery of potentially esterifi ed PREG 
and DHEA in the lipoidal fraction (the combined methanol/
CHCl 3  and hexane eluates). Ten nanograms of epietio-
cholanolone were added as internal standard to the lipoidal frac-
tion for quantifi cation of PREG and DHEA released from 100 mg 
of rat brain or from 1 mg of CHOL. An alternative C18 SPE pro-
tocol was used in some experiments to remove CHOL directly 
after the steroid extraction from rat brain: extracts were dissolved 
in 1 ml CH 3 CN/isopropanol (1/1) and deposited on C18 car-
tridges previously conditioned with 3 ml CH 3 CN and 5 ml of 
CH 3 CN/isopropanol/water (55/25/20). Free steroids and oxys-
terols were eluted with 12 ml of CH 3 CN/isopropanol/water 
(55/25/20) for further purifi cation (with the C18 SPE recycling 
procedure), whereas most of the CHOL was retained. 

 The unreliable C18 SPE procedure used for isolation of steroid 
sulfates, published in 2000 ( 1 ) and later invalidated ( 2 ), was also 
studied further. Briefl y, an extract of 100 mg rat brain was dis-
solved in 10 ml of methanol/water (4/6) and applied to the C18 
cartridge previously conditioned with 5 ml methanol, 5 ml water, 
and 5 ml methanol/water (4/6). Sulfated, free, and lipoidal ste-
roids were eluted with 5 ml methanol/water (4/6), 5 ml metha-
nol/water (9/1), and 5 ml methanol/CHCl 3  (1/1), respectively. 

 Silicic acid chromatography and molecular sieving on 
Sephadex LH-60 

 The rat brain lipoidal fraction was subjected to adsorption 
chromatography on silicic acid (Unisil, activated silicic acid, 200–
325 mesh; Clarkson Chromatography Products, South William-
sport, PA). Columns (500 mg, 0.5 cm inner diameter) were 
prepared in CH 2 Cl 2 /hexane (8/2) and the sample applied in 2 
ml of this solvent. Two fractions corresponding to nonpolar lip-
ids and free steroids were successively eluted with 40 ml CH 2 Cl 2 /
hexane (8/2) and 10 ml ethyl acetate, respectively. In one experi-
ment, these fractions were directly derivatized with TEA/HFBA 
(1/1) in order to analyze the elution profi le of PREG and DHEA 
precursor(s). The fraction containing nonpolar lipids was then 
subjected to gel-exclusion chromatography on Sephadex LH-60 
(15 × 2 cm column) using CH 2 Cl 2 /hexane/methanol (7/2/1) as 
the solvent. Ten fractions (5 ml) were collected and analyzed by 
GC-MS after previous derivatization with TEA/HFBA. 

procedure ( 2 ), we were also unable to detect PREGS and 
DHEAS in rat and mouse brain and plasma. Surprisingly, 
considerable amounts of pregnenolone (PREG) and dehy-
droepiandrosterone (DHEA) were released by treating the 
brain and plasma SPE lipoidal fractions with heptafl uo-
robutyric anhydride (HFBA) and triethylamine (TEA). 
Preliminary data indicated that PREG and DHEA were not 
released from fatty acid esters or sulfolipid conjugates. 
Lieberman´s group had previously suggested that sterol 
peroxides and/or hydroperoxides, named neurosteroid 
precursors ( 19 ), were a source of PREG and DHEA, and 
this hypothesis could not be discarded. Indeed, the yields 
of released PREG and DHEA were heat and light depen-
dent, and the precursor(s) was less polar than free PREG 
and DHEA. We also speculated about noncovalent associa-
tions between the steroids and lipoproteins, ion pairs of 
steroid sulfates with nonpolar cationic lipids, and nonpolar 
groups covalently bound to the steroids at C-3, C-17, or 
C-20. 

 The aim of this study was to determine the nature of the 
precursor(s) of PREG and DHEA in the lipoidal fraction 
and to explain the inconsistencies in analyses of PREGS 
and DHEAS. The study pinpoints cholesterol (CHOL) as 
the source of both the lipoidal and the sulfated forms of 
the steroids. 

 EXPERIMENTAL PROCEDURES 

 Chemicals 
 Radioactive steroids,  3 H-PREG ([7- 3 H]PREG, 25 Ci/mmol) 

and  3 H-CHOL ([1 � , 2 � ( n )- 3 H]CHOL) were supplied by Perkin-
Elmer (Boston, MA) and Amersham (UK), respectively, and  3 H-
PREGS ([7- 3 H]PREGS, 25 Ci/mmol) was prepared in our 
laboratory from  3 H-PREG using pyridine/sulfur trioxide. PREG, 
DHEA, and androst-5-ene-3 � ,17 � -diol (ADIOL) were obtained 
from Roussel-Uclaf (Romainville, France) and oxysterols (hy-
droxycholesterols) from Steraloids (Newport, RI). Epietio-
cholanolone (3 � -hydroxy-5 � -androstan-17-one) was purchased 
from Sigma-Aldrich (St. Louis, MO). HFBA and  N -methyl- N -trim-
ethylsilyltrifl uoroacetamide (MSTFA) were from Pierce (Rock-
ford, IL) and TEA from Sigma-Aldrich. All other reagents and 
solvents were of analytical grade. 

 Steroid extraction 
 All the experiments were carried out with young adult (about 

3 months old) male Sprague-Dawley rats (Centre d’élevage R. 
Janvier, Le Genest St-Isle). Animal care was in accordance with 
the European Communities Council Directive of November 24, 
1986 (86/609/EEC). Animals were euthanized by decapitation, 
and their entire brains were removed and weighed. The extrac-
tion protocol using methanol and methanol/CHCl 3  (1/1) has 
been described previously ( 2 ) (solvent mixtures are given as vol-
ume proportions throughout the text). The supernatants were 
combined, and aliquots corresponding to 100 mg rat brain were 
processed in the sample treatment procedure. 

 FeSO 4  treatments of the brain extracts 
 The effect of FeSO 4  on the release of PREG and DHEA was 

tested with 1 mg CHOL or extract of 100 mg rat brain. Five nano-
grams of epietiocholanolone was added for quantifying released 
free PREG and DHEA. The dried extracts were treated with 
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with 20 µl TEA and 20 µl HFBA in 100 µl anhydrous acetone in a 
heating block at 70°C for 30 min. The reaction mixture was par-
titioned between hexane and water (1/1) (0.5 ml of each), and 
the organic phase containing the steroid heptafl uorobutyrates 
(HFB) was dried and deposited in 1 ml CH 3 CN/water (1/1) on a 
C18 SPE cartridge (500 mg, 6 ml) previously conditioned with 5 
ml CH 3 CN, 5 ml water, and 5 ml CH 3 CN/water (1/1). The HFBs 
were eluted with 6 ml CH 3 CN after a washing step with 4 ml 
CH 3 CN/water (1/1). 

 In order to test the yields of PREG and DHEA under different 
conditions, CHOL (and in one case oxysterols) was derivatized 
with either TEA/HFBA, as described above, or with HFBA alone 
at 20°C and 70°C, or with 50 µl MSTFA for 30 min at 70°C. Epi-
etiocholanolone was added (5 ng) for quantifi cation purposes. 

 The derivatized standards and biological samples were always 
dried under a gentle stream of nitrogen and dissolved in hexane 
before the subsequent GC-MS analysis. 

 GC-MS analysis 
 GC-MS analyses were carried out using an Automass Solo mass 

spectrometer (Thermo Fisher Scientifi c, San Diego, CA) inter-
faced with a Trace GC  (Carlo Erba, Milan, Italy) gas chromato-
graph. Samples were injected with an AS 2000 autosampler 
(Carlo Erba) to the injection chamber maintained at 250°C in 
the splitless mode. The analytical capillary column was BPX35 
(35% phenyl, 65% dimethyl polysiloxane) (SGE, Victoria, Aus-
tralia), 30 m long with an inner diameter of 0.25 mm, and a 0.25 
µm fi lm thickness. The initial oven temperature was kept at 50°C 
for 1 min and was raised to 350°C at 20°C/min. The transfer line 
and ionization chamber temperatures were maintained at 300°C 
and 180°C, respectively. The fl ow rate of helium carrier gas was 
kept constant at 1 ml/min. The mass spectrometer was operated 
in the electron impact mode with an ionization energy and an 
emission current of 70 eV and 800 µA, respectively. 

 Identifi cation of heptafl uorobutyrate derivatives of PREG 
(PREG-HFB), DHEA (DHEA-HFB), androst-5-ene-3 � ,17 � -diol 
(ADIOL-HFB 2 ), CHOL (CHOL-HFB), and epietiocholanolone 
(internal standard) was achieved in the full scan mode ( m/z  
range 50–550). Quantifi cation was carried out in the selected ion 
monitoring mode on the major diagnostic ions  m/z  298, 270, 468, 
368, and 486, respectively. Quantifi cation of trimethylsilyl ether 
derivatives of PREG (PREG-TMS), DHEA (DHEA-TMS), and epi-
etiocholanolone was achieved with the  m/z  388, 360, and 347 di-
agnostic ions, respectively. 

 Radioactivity measurements 
 Tritiated PREG, PREGS, and CHOL were used as tracers in 

the SPE and HPLC methodologies. Dried radioactive samples 
were dissolved in 5 ml of Picofl uor 15 scintillation liquid and 
counted in a Packard Tricarb liquid scintillation spectrometer 
model 4660, equipped with quench correction (Packard Instru-
ments, Downers Grove, IL). 

 Statistics 
 Statistical analysis was performed with unpaired Student’s 

 t -test on Graphpad Prism 3.0 (San Diego, CA) for the FeSO 4  
experiment. 

 RESULTS 

 Fractionation of the brain lipoidal fraction by molecular 
sieving and SPE 

 The extract of 100 mg of rat brain was submitted to the 
recycling C18 SPE procedure, and the lipoidal fraction 

 SPE fractionation on aminopropyl bonded silica 
 A simplifi ed method was used to separate the different lipid 

classes in the rat brain ( 20 ). The C18 SPE lipoidal fraction was dis-
solved in 1 ml of hexane and deposited on aminopropyl cartridges 
(500 mg, 6 ml; International Sorbent Technology) previously con-
ditioned with 0.6 ml acetone/water (7/1) and 2 × 1 ml hexane. 
Cholesteryl esters (CEs) were eluted with 5 ml of hexane, triglycer-
ides with 6 ml of hexane/CHCl 3 /ethyl acetate (100/5/5), and 
monoglycerides and diglycerides with 5 ml of CHCl 3 /isopropanol 
(2/1). FFAs and phospholipids were fi nally eluted with 6 ml of 
CHCl 3 /methanol/acetic acid (100/2/2) and 6 ml of methanol/
CHCl 3 /water (10/5/4), respectively. All the fractions were deriva-
tized with TEA/HFBA (1/1), repurifi ed, and analyzed by GC-MS. 

 Another protocol using aminopropyl SPE was employed in an 
attempt to improve the fractionation of PREG and DHEA 
precursor(s). The lipoidal fraction was dissolved in 1 ml of 
hexane/CH 2 Cl 2  (95/5). CEs were fi rst eluted with 5 ml of hexane, 
and the cartridge was stepwise eluted with 5 ml of mixtures of 
hexane/CH 2 Cl 2  (95/5), (9/1), (8/2), (6/4), (4/6), (2/8), and 
CH 2 Cl 2 . Finally, elution was done with 5 ml of isopropanol/
CH 2 Cl 2  (1/2). All fractions were derivatized with TEA/HFBA 
(1/1) and analyzed by GC-MS. 

 HPLC fractionation 
 Brain extracts were fractionated by the recycling C18 SPE 

method. The lipoidal fraction was collected and separated by the 
aminopropyl SPE. After elution of CE, the lipoidal steroids were 
eluted with 5 ml of CH 2 Cl 2  and fi ltered. Samples were dissolved in 
hexane/isopropanol (9/1) for HPLC fractionation. The HPLC 
system from Thermo Fisher Scientifi c (San Jose, CA) consisted of 
a P1000XR thermo separation product quaternary pump and an 
AS 100XR thermo separation product autoinjector. A 202 model 
Gilson fraction collector was used. A Lichrosorb Diol column (25 
cm × 4.6 mm, 5  � m) was used in a thermostated block at 30°C and 
with a mobile phase fl ow of 1 ml/min. The analytical column was 
fi rst equilibrated in a solvent system of pure hexane and mixture A 
(9/1), the latter being composed of hexane/isopropanol (85/15). 
The elution was fi rst performed with hexane and mixture A (9/1) 
for 15 min and then with a linear gradient to 100% mixture A in 5 
min. This mobile phase was kept constant for 15 min, after which 
the column was rinsed with pure methanol. HPLC fractions of 1 ml 
were collected between 1 and 40 min, derivatized with TEA/HFBA, 
and analyzed by GC-MS. This HPLC procedure was also used for 
the fractionation of the free steroids, previously isolated by the C18 
SPE recycling method from extracts of 400 mg rat brain. This pro-
tocol was also applied to establish the elution profi le of tritiated 
PREG and oxysterols. The steroid sulfate fraction obtained with 
the unreliable C18 SPE of 100 mg brain ( 1 ) (see above) was also 
fractionated by HPLC. Tritiated PREGS was located in this system. 
One milliliter fractions were collected between 1 and 60 min, de-
rivatized with HFBA at 20°C, and analyzed by GC-MS. 

 A similar experiment was performed with another straight-
phase HPLC system using a Silica (Genesis, Jones Chromatogra-
phy) column (25 cm × 4.6 mm, 4 µm) with a 0.5 ml/min fl ow of 
hexane/ethyl acetate (9/1). The rat brain lipoidal fraction from 
recycling C18 SPE was separated and 12 fractions of 5 ml were 
collected. Fraction 6 (containing most of CHOL) was again puri-
fi ed in the same HPLC system, and 1 ml fractions were collected, 
derivatized with TEA/HFBA, and analyzed by GC-MS. An aliquot 
of each fraction was derivatized with MSTFA as described below 
for analysis of CHOL by GC-MS. 

 Derivatization reactions 
 Samples coming from the SPE lipoidal fraction of 100 mg 

brain or 1 mg CHOL were derivatized, unless otherwise stated, 
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not charged and does not consist of ion pairs between ste-
roid sulfate and nonpolar cations. 

 HPLC fractionation of the brain lipoidal fraction 
 The rat brain PREG and DHEA precursor(s) and refer-

ence fatty acid esters of PREG and DHEA are eluted in the 
same fraction in the C18 SPE recycling/elution procedure. 
However, when reference PREG palmitate or DHEA stear-
ate were subjected to the TEA/HFBA derivatization condi-
tions, there was no transesterifi cation into HFB esters. This 
shows that fatty acid esters of PREG and DHEA are not the 
unknown precursor(s) ( 2 ). 

 The rat brain lipoidal fraction was then fractionated in 
a straight-phase HPLC system ( 4, 5, 22 ), and the fractions 
were derivatized with TEA/HFBA and analyzed by 
GC-MS. The results are illustrated in   Fig. 2A  . PREG and 
DHEA were released from the same fractions, and the 
HPLC profi le of the precursor(s) corresponded to that 
of  3 H-CHOL ( Fig. 2B ). Thus, the polarity seemed to be 
similar for the precursor(s) of PREG and DHEA, and the 
HPLC conditions did not give a separation of the 
precursor(s) and CHOL. The HPLC retention time of 
PREG palmitate was 5 min, i.e., different from that of 
the precursor(s). 

 A different straight-phase solvent system combined 
with a silica column was used to increase the HPLC 
resolution. Again, the precursor(s) of PREG and DHEA 
had the same elution pattern as CHOL ( Fig. 2C, D ). 
Thus, the behavior of the precursor(s) and CHOL seemed 
to be the same in all the chromatographic systems investi-
gated. 

was collected. This fraction contained the fatty acid esters 
(if present) of PREG and DHEA together with free CHOL 
and other lipids. When separated by silicic acid chroma-
tography, PREG and DHEA precursor(s) were only found 
in the nonpolar fraction. When fractionated by molecular 
sieving chromatography on Sephadex LH-60, the elution 
profi les of PREG and DHEA precursor(s) and  3 H-PREG 
and  14 C-CHOL (data not shown) were the same, indicat-
ing that the precursor(s) had molecular weight(s) in the 
range of free steroids. 

 Lipid classes in the brain lipoidal fraction were sepa-
rated on aminopropyl cartridges ( 20 ), and the collected 
fractions were derivatized with TEA/HFBA and analyzed 
by GC-MS. As shown in   Fig. 1   (inset), PREG and DHEA 
were released from fractions containing triglyceride and 
diglyceride + monoglyceride and were completely sepa-
rated from CEs, FFAs, and phospholipids (certainly also 
containing gangliosides, cerebrosides, and sulfatides), in-
dicating that the precursor(s) was a neutral entity. At-
tempts were made to achieve a better resolution of PREG 
and DHEA precursor(s) by stepwise elution with mixtures 
of hexane/CH 2 Cl 2 .The elution profi le of the precursor(s) 
was compared with that of  3 H-CHOL. As shown in  Fig. 1 , 
PREG and DHEA were released from fractions where  3 H-
CHOL was also eluted. 

 The lipoidal fraction was also subjected to chromatogra-
phy on lipophilic ion exchangers: anion exchanger DEAP-
Lipidex in hydroxide form and cation exchanger SP-LH-20 
in hydrogen form ( 21 ). In both cases, PREG and DHEA 
were only released by derivatization of the neutral frac-
tions (data not shown), showing that the precursor(s) is 

  Fig.   1.  Distribution of released PREG (r-PREG) and DHEA (r-DHEA) and mobility of CHOL by aminopropyl SPE stepwise elution of the lipoi-
dal fraction from 100 mg adult male rat brain. Each fraction was analyzed by GC-MS following treatment with TEA/HFBA. Data presented are 
means with the range of values (n = 2). Inset: distribution of released PREG and DHEA by aminopropyl SPE according to Ågren, Julkunen, and 
Penttila ( 20 ) for separation of lipid classes. CE, cholesteryl esters TG, triglycerides; DG, diglycerides; MG, monoglycerides; PL, phospholipids.   
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SPE lipoidal fractions from 100 mg of rat brain and 1 mg 
of CHOL were collected and treated with TEA/HFBA for 
quantifi cation of PREG and DHEA. Two additional rat 
brain extracts were analyzed after insertion of a SPE puri-
fi cation step for removal of CHOL at the beginning of the 
sample preparation procedure. The results are summa-
rized in   Table 1  . The yield of PREG from CHOL was about 
0.002% (i.e., 20 ng/mg), and about 25 ng of PREG were 
formed from the lipoidal fraction from 100 mg rat brain. 
The yields of DHEA and ADIOL from reference CHOL 
were much lower but signifi cant (around 4 and 0.5 ng/
mg, respectively). These amounts were similar to those 
found from 100 mg of rat brain, suggesting that CHOL 
was the major precursor of PREG, DHEA, and ADIOL. 
This was supported by the dramatic decrease of the 
amounts released by a factor of at least 10 for PREG and 
DHEA and at least 3 for ADIOL when the main part of 
CHOL was removed in an initial step. 

 Derivatization of CHOL and oxysterols with HFBA and 
MSTFA 

 In the light of the data described above, the reliability of 
analyses of unconjugated PREG and DHEA in rat brain 
was evaluated. Experiments using tritiated tracer showed 
that about 1% of CHOL was present in the free steroid 
fraction of the C18 SPE recycling procedure. Thus, in 

 Derivatization of CHOL with TEA/HFBA 
 Given the observations described above, we investigated 

a possible formation of artifacts from CHOL. Indeed, Van 
Lier and Smith ( 23 ) had shown that PREG, and to a lesser 
extent DHEA, could be minor autoxidation products from 
CHOL under harsh experimental conditions. We there-
fore exposed reference CHOL to the TEA/HFBA proce-
dure used to derivatize the brain SPE lipoidal fraction and 
searched for PREG and DHEA derivatives by GC-MS in 
full-scan and selected ion monitoring detection modes. To 
match the large amounts of free CHOL in brain, around 
10–20 mg/g ( 24 ), we tested the reaction with 1 mg of 
CHOL, roughly corresponding to the amount found in 
100 mg of rat brain tissue. Results of the GC-MS analysis 
are illustrated in   Fig. 3  . PREG and DHEA were clearly de-
tected, demonstrating that they can be produced by au-
toxidation of CHOL. In addition, smaller amounts of 
ADIOL-HFB 2  were detected. This steroid has also been de-
scribed as a potential minor autoxidation product of 
CHOL ( 23 ). 

 Quantifi cation of PREG and DHEA released from CHOL 
and brain extract 

 The yields of PREG and DHEA from CHOL were deter-
mined to establish a comparison with the levels found in 
the rat brain lipoidal fraction. For this purpose, the C18 

  Fig.   2.  Release of PREG (r-PREG) and DHEA (r-DHEA) from fractions collected in the straight-phase HPLC separation of a lipoidal frac-
tion from 100 mg adult male rat brain on Lichrosorb Diol (A) and silica columns (C). Each fraction was analyzed by GC-MS following 
treatment with TEA/HFBA. The mobilities of CHOL on the Lichrosorb Diol column are shown for added tracer  3 H-CHOL (B) and on the 
silica column for brain CHOL after derivatization with MSTFA (D).   
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these can form PREG by autoxidation ( 23 ). Thus, oxys-
terols, especially 24S-hydroxycholesterol (24S-OHC) that 
is generally found at 10–20 µg/g in mammalian brain 
( 25 ), represent a potential source of artifact formation of 
free PREG and DHEA. Different oxysterols that may be 
present in rodent brain and CHOL were therefore sub-
jected to different conditions of derivatization, and the 
formation of derivatives of PREG, DHEA, and ADIOL was 

analyses of 100 mg rat brain, about 10–20 µg of endoge-
nous CHOL could contaminate this fraction. Different de-
rivatization conditions with commonly used reagents such 
as HFBA, MSTFA, and TEA/HFBA were tested with 1 mg 
of CHOL. As shown in   Fig. 4  , derivatives of PREG, DHEA, 
and ADIOL were also formed in reactions with HFBA at 
70°C, although to a lesser extent than with TEA/HFBA, 
especially for PREG. About 0.5–1.0 ng of PREG derivative 
was formed with HFBA at 20°C and MSTFA at 70°C, while 
derivatives of DHEA and ADIOL were not detected under 
such conditions. 

 Approximately 90% of oxysterols are also eluted in the 
free steroid fraction of the C18 SPE procedure. Some of 

  Fig.   3.  GC-MS analysis of products formed from 1 mg of CHOL treated with TEA/HFBA. The presence of 
DHEA, PREG, and CHOL derivatives is revealed by the reconstructed ion chromatograms (RIC) of  m/z  270, 
298, and 368, respectively.   

 TABLE 1. Yields of PREG, DHEA, and ADIOL after derivatization of 
CHOL and lipoidal fraction of rat brain with TEA/HFBA at 70°C for 

30 min. 

PREG DHEA ADIOL

ng ng ng

CHOL (1 mg) 23.8 ± 0.3 3.9 ± 0.1 0.5 ± 0.03
Lipoidal fraction of rat 

brain (100 mg)
25.2 ± 3.4 3.3 ± 0.3 1.1 ± 0.1

CHOL-depleted lipoidal 
fraction of rat brain 
(100 mg)  a  

2.1 ± 0.7 0.3 ± 0.1 0.3 ± 0.2

Yields (%)
CHOL (1 mg) 0.002 0.0004 0.00005

Data are presented as means ± SD (n = 2).
  a   Most nonpolar lipids, including CHOL, in the original brain 

extract were removed by C18 SPE preceding the recycling SPE 
extraction/fractionation procedure (see Experimental Procedures).

  
  Fig.   4.  Yields of autoxidation products of CHOL under different 
derivatization conditions. One milligram of CHOL was treated 
with MSTFA, and the trimethylsilyl ethers of PREG, DHEA, 
and ADIOL were measured by GC-MS. Heptafl uorobutyrates of 
PREG, DHEA, and ADIOL were measured by GC-MS following 
treatments with HFBA or TEA/HFBA. Data presented are means ± 
SEM (n = 4).   
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to the inaccurate SPE procedure. The different fractions 
from the SPE were collected, and radioactivity was counted. 
As shown in   Fig. 6  , the elution of CHOL is totally disturbed 
by the presence of a rat brain extract. As expected, in the 
absence of brain extract, reference  3 H-CHOL was predom-
inantly found in the lipoidal fraction (70%) and to a lesser 
extent remaining in the extraction vial (16%). In the pres-
ence of brain extract, most of the radioactivity was found 
in the sulfate fraction ( � 68%) and only 12% in the lipoi-
dal fraction. Thus, the steroid sulfate fraction obtained 
with this inappropriate SPE procedure is highly contami-
nated by CHOL. 

 Quantifi cation of PREG and DHEA released from the 
so-called brain steroid sulfate fraction 

 Since about 1 ng of PREG was formed ( Fig. 4 ) from 1 
mg of CHOL under mild derivatization conditions, the 
presence of endogenous CHOL in the steroid sulfate frac-
tion can account for the detection of PREG at a concentra-
tion of about 10 ng/g brain. 

 We also tested if cholesterol sulfate (CHOLS) could be 
involved in the formation of PREG and DHEA from the 
sulfate fraction. However, only about 50 pg of PREG (and 
no DHEA) was found after derivatization of 1 mg of 
CHOLS with HFBA at 20°C. 

 Then, the so-called steroid sulfate fraction from 100 mg 
rat brain, obtained by the inaccurate SPE procedure, was 
also subjected to straight-phase HPLC. PREG and DHEA 
were both released from fractions collected between 10 
and 14 min, corresponding to the retention time of CHOL 
(  Figs. 7A,  B ). A small peak also appeared at 24 min corre-
sponding to free PREG; it is conceivable that a very minor 
fraction of endogenous free PREG was tailing into the so-
called steroid sulfate fraction.  3 H-PREGS was also analyzed 
and was eluted at 42 min ( Fig. 7C ), corresponding to the 
very weak signal detected for CHOL ( Fig. 7B ) from the rat 
brain tissue. Although the HPLC retention time of CHOLS 
was not determined, we can suggest that CHOLS was the 
precursor of this signal, confi rming that free CHOL was 
the only major precursor of PREG and DHEA released 
from this brain steroid sulfate fraction. 

 Effects of FeSO 4  on the release of free PREG and DHEA 
from CHOL and brain extract 

 Several studies have shown that PREG and DHEA can 
be released from brain lipid extracts by treatment with 
FeSO 4  ( 19, 26 ). In order to compare our results with those 
of Lieberman’s group, we treated 1 mg of CHOL or the 
extract from 100 mg of rat brain tissue with FeSO 4  and 
determined the release of free PREG and DHEA using re-
cycling C18 SPE with collection of the free steroid fraction 
and mild HFBA derivatization. As shown in   Fig. 8A  , 
treatment of CHOL with FeSO 4  increased the formation 
of PREG ( P  < 0.001) and to a lesser extent DHEA ( P  < 
0.05). However, PREG and DHEA were also detected in 
the absence of FeSO 4 , meaning that some autoxidation oc-
curred during the incubation and solvent evaporation. 

 The FeSO 4  effect was more pronounced with rat brain 
tissue than with pure CHOL. The release of rat brain free 

measured. This investigation was carried out with 2 µg of 
CHOL and 24S-OHC and 20 ng of 7 � -OHC, 20 � -OHC, 
22R-OHC, 25-OHC, and 27-OHC. The chosen amounts of 
oxysterols are in the expected range of values in analyses 
of 100 mg of rat brain. Formation of derivatives of DHEA 
and ADIOL from CHOL and the oxysterols was not de-
tected after reaction with HFBA at 20°C. However, a weak 
but quantifi able signal was observed for PREG after deriva-
tization of 24S-OHC (13.6 ± 3.7 pg), 20 � -OHC (7.5 ± 0.7 
pg), and 22R-OHC (1.9 ± 0.2 pg). 

 HPLC fractionation of the brain fraction containing free 
steroids 

 An HPLC experiment was performed in order to validate 
the measurements of unconjugated PREG. The SPE free 
steroid fraction contained 1% and 90% of brain CHOL and 
oxysterols, respectively, and it was essential to check that 
autoxidation of these sterols did not contribute to the mea-
sured levels of free PREG. The free steroid fraction col-
lected from 400 mg rat brain by SPE was separated in the 
Lichrosorb Diol straight-phase HPLC system. One milliliter 
fractions were collected, derivatized with HFBA under mild 
conditions (20°C), and analyzed by GC-MS for the presence 
of HFB derivatives of PREG, DHEA, and ADIOL. These ex-
perimental conditions were optimal for the yields in the 
derivatization of free steroids. As shown in   Fig. 5A  , one sin-
gle peak with a retention time of 23 min was obtained. This 
was exactly superimposable on injected tritiated PREG 
tracer ( Fig. 5B ), validating the presence of endogenous-
free PREG in the rat brain. Very important was the absence 
of PREG from CHOL-containing HPLC fractions (8–12 
min), meaning that CHOL was not involved in the detec-
tion of unconjugated PREG under our experimental condi-
tions. Furthermore, DHEA and ADIOL were not detected, 
confi rming the very small if any contribution of an autoxi-
dation process under these conditions. The HPLC elution 
profi les of the main endogenous oxysterols were also deter-
mined ( Fig. 5C ). Their retention times were in the range 
24–27 min, also excluding their contribution to formation 
of PREG by autoxidation during the derivatization. 

 This result was also supported by analyses of the free 
PREG content of a rat brain extract from which CHOL 
had been removed by SPE just after the extraction step. 
The brain concentration of free PREG was the same, 
roughly 4 ng/g, whether or not CHOL was removed di-
rectly after the extraction step (data not shown). However, 
these results did not exclude the autoxidative formation of 
PREG from oxysterols earlier in the procedure and these 
latter were not removed in the CHOL removal step. 

 Distribution of CHOL in the unreliable C18 SPE 
procedure 

 Additional studies were carried out to explain the errors 
in previous quantifi cations of the sulfated steroids, PREGS 
and DHEAS, in rodent brain and plasma. A possible cor-
relation between autoxidation of CHOL and formation of 
PREG and DHEA from the so-called steroid sulfate frac-
tion was evaluated.  3 H-CHOL and extracts of 100 mg rat 
brain to which  3 H-CHOL had been added were subjected 
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  Fig.   5.  A: HPLC of PREG in the free steroid fraction eluted with methanol/water (9/1) in the C18 SPE 
recycling extraction of 400 mg rat brain. Each HPLC fraction was analyzed by GC-MS following treatment 
with HFBA at 20°C. DHEA was not detectable in this experiment. B: HPLC of radioactive  3 H-PREG. C: HPLC 
of reference oxysterols analyzed by GC-MS after derivatization with MSTFA. All experiments were performed 
in duplicate using straight-phase HPLC with the Lichrosorb Diol system.   
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phy, molecular sieving, aminopropyl SPE ( 27 ), and ion 
exchange ( 21 ), PREG and DHEA were always released 
from fractions containing CHOL. The behavior on amino-
propyl cartridges and ion exchangers excluded the possi-
bility that the precursor(s) was charged or an ion pair, and 
the molecular sieving excluded a protein-bound steroid or 
proteolipid. All these observations are compatible with a 
formation of PREG and DHEA from CHOL. When HPLC 
was applied with the aim to separate the great excess of 
CHOL from the PREG and DHEA precursor(s) to permit 
the latter to be studied by mass spectrometry, no separa-
tion of CHOL and the precursor(s) could be obtained. 
The released steroids and CHOL were found in the same 
derivatized HPLC fractions. These experiments strongly 
supported a formation of PREG and DHEA from CHOL. 

 Autoxidation of CHOL 
 CHOL readily undergoes autoxidation by various routes, 

and a galaxy of autoxidation products have been described 
( 28–30 ). The ease of autoxidation of CHOL, present at 
high levels in many biological materials, constitutes a prob-
lem, i.e., artifactual generation of oxysterols from CHOL 
during sample storage, processing, and analysis. Many 
methods and results have been presented where the con-
trol of artifact formation has been insuffi cient. In those 
studies, interest has focused on autoxidation products oxy-
genated in the A/B rings and the side chain ( 31 ), and 
products with a shortened or no side chain have received 
very little attention in spite of reports of C 19  and C 21  ste-
roids being autoxidation products of CHOL. Thus, in 
1970, Van Lier and Smith reported that PREG, DHEA, 
ADIOL, and other products could be generated by heat-
ing highly purifi ed CHOL in an oven at 100°C for 7 days 
( 23 ). The initial product, CHOL 20 � -hydroperoxide, was 
a precursor of PREG and ADIOL, which were formed by 

PREG after the FeSO 4  treatment increased to levels up 
to 250 ng/g ( P  < 0.01). DHEA was only detected in the 
FeSO 4 -treated brain extracts at concentrations around 
11.5 ng/g ( Fig. 8B ). In the absence of FeSO 4 , autoxidation 
of CHOL to PREG and DHEA did not occur in the brain 
extract since no DHEA was detected and the concentra-
tion of PREG ( � 4 ng/g) corresponded to the levels of 
endogenous free PREG (see above). 

 DISCUSSION 

 This study shows that endogenous rat brain CHOL can 
be converted into PREG and DHEA, and to a lesser extent 
ADIOL, during sample processing in analyses of these ste-
roids by GC-MS. By contaminating the sulfate fraction in 
unsatisfactory SPE and other extraction and partitioning 
procedures, CHOL can also be the precursor of the PREG 
and DHEA found in the sulfate fraction. We believe that 
differences in this artifactual formation of PREG and 
DHEA during extraction, purifi cation, fractionation, and 
derivatization prior to the fi nal GC-MS analysis (or other 
indirect detection methods) are responsible for discrepan-
cies in levels of these steroids encountered in the neuros-
teroid literature since 30 years. 

 PREG and DHEA are released from material having the 
same chromatographic behavior as CHOL 

 In previous studies using LC-MS and GC-MS methods, 
we found that, contrary to the prevailing view, PREGS and 
DHEAS could not be detected in rat and mouse brain and 
plasma ( 2, 16 ). We also found that large amounts of PREG 
and DHEA (around 1 nmol/g) were released from endog-
enous precursor(s) present in the SPE lipoidal fraction 
( 2 ). When this fraction was separated in different chro-
matographic systems, including silicic acid chromatogra-

  Fig.   6.  Distribution of  3 H-CHOL with or without the presence of an extract of 100 mg rat brain using the 
unreliable C18 SPE procedure. The residue in the vial and the sulfated, unconjugated, and lipoidal steroid 
fractions eluted from the cartridge were counted for radioactivity. Duplicate experiments were performed.   
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amounts of CHOL in the brain, (10–20 mg/g) ( 24 ), the 
treatment with TEA/HFBA of rat brain lipoidal fraction 
released approximately 250 ng/g brain of PREG, 33 ng/g 
of DHEA, and 10 ng/g of ADIOL. Since the amounts of 
steroids released were approximately the same when treat-
ing 1 mg of CHOL and lipoidal fraction from 100 mg of 

thermal decomposition of the hydroperoxide ( 32 ). With 
this background, we investigated a possible formation of 
HFB derivatives of PREG, DHEA, and ADIOL during de-
rivatization of CHOL with TEA/HFBA. Small amounts 
were formed, the yields being approximately 0.0024%, 
0.0004%, and 0.00005%, respectively. Due to the large 

  Fig.   7.  Straight-phase HPLC on Lichrosorb Diol 
of a so-called steroid sulfate fraction from rat brain 
using the unreliable C18 SPE procedure. Each 
HPLC fraction was hydrolyzed and derivatized with 
HFBA at 20°C. The release of PREG (r-PREG) and 
DHEA (r-DHEA) (A) coincides with the elution of 
CHOL (B). The elution of  3 H-PREGS in the same 
system is shown for comparison.   
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ides involve radical-type reactions leading to alcohols, ke-
tones, and deoxysteroids. The CHOL 20 � -hydroperoxide 
decomposes by homolysis of the oxygen-oxygen bond fol-
lowed by abstraction of a hydrogen atom from a nearby 
molecule giving 20 � -OH CHOL. Alternatively, oxosteroid 
products are formed from CHOL 20 � -hydroperoxide as a 
result of a  � -scission of carbon-carbon bonds in the ini-
tially formed alkoxyl radical formed via homolysis. The 
 � -scission of the C 20 -C 22  bond and expulsion of the iso-
hexyl radical gives PREG as the major product. An alterna-
tive  � -scission of the C 17 -C 20  bond from the 20 � -radical and 
expulsion of the entire C 8 H 13  side chain gives a C17-radical 
androst-5-ene. The combination of this latter compound 
with a hydroxyl radical would yield ADIOL. No DHEA was 
detected from the CHOL 20 � -hydroperoxide in these 
studies, suggesting that DHEA probably came from a puta-
tive CHOL 17 � -hydroperoxide. These suggested mecha-
nisms for formation of PREG and DHEA are summarized 
in   Fig. 9  . 

 FeSO 4 -induced release of PREG and DHEA from CHOL 
and brain lipoidal fraction 

 Free PREG and DHEA were formed when CHOL was 
processed through the analytical procedure in the absence 
of antioxidant. Thus, PREG and DHEA could be formed 
during the extraction, SPE, HPLC, and derivatization steps 
in an analysis of brain. In the presence of FeSO 4 , the 
amounts of PREG and DHEA were increased both from a 
methanol solution of pure CHOL and from a rat brain 
extract, although not to the same extent. Indeed, about 
250 ng/g of PREG and 10 ng/g of DHEA were released 
from the brain extract, whereas only 2 ng of PREG and 0.2 
ng of DHEA were formed by treatment of a solution of 1 
mg CHOL with FeSO 4 . The mechanism behind this differ-
ence is not clear but could be related to the high concen-
tration in brain of phospholipids with polyunsaturated 
fatty acids and the observation that polyunsaturated fatty 
acids markedly stimulate the rate of CHOL oxidation in 
liposomes ( 34 ). It is also known that the nature of the lipid 
matrix in which sterols occur greatly infl uences the rates 
of autoxidation ( 28, 35 ). 

 Prasad et al. have shown that substantial amounts of 
PREG and DHEA are released by treating the nonketonic 
fraction of a rat brain lipid extract with TEA, FeSO 4  in wa-
ter, FeCl 3  in water, HCl in benzene/acetone, and lead tet-
raacetate in benzene ( 19 ). The effects of TEA and FeSO 4  
appeared to be additive (see  Table 1  in Ref.  19 ), and treat-
ment with NaOH gave a similar yield as TEA ( 33 ). The 
authors suggested that endogenous sterols, such as sterol 
hydroperoxides, may be present in brain and be trans-
formed into PREG and DHEA by these treatments. The 
amounts of PREG and DHEA released from a nonketonic 
lipid extract of rat brain ( 19 ) were very similar to those 
found in this study of a rat brain lipoidal fraction. Judging 
from their experimental conditions, it is conceivable that 
PREG and DHEA originated from CHOL (a nonketonic 
lipid). On the other hand, their preliminary data also sug-
gested that PREG and DHEA were produced from a pre-
cursor less polar than 20 � -OH CHOL and more polar than 

rat brain (that contained approximately 1 mg of CHOL) 
with TEA/HFBA, CHOL appears to be the main precursor 
of PREG and DHEA detected by GC-MS analysis of the rat 
brain lipoidal fraction. This is supported by the experi-
ments using HPLC to trace the origin of the steroids. 

 In our previous article ( 2 ), maximum yields of PREG 
and DHEA, now shown to be artifactually formed from 
CHOL, were obtained by derivatization with HFBA after 
addition of TEA. TEA has previously been found to induce 
a release of the two steroids from brain extracts (see be-
low) ( 19, 33 ). Probably, the alkaline nature of the reaction 
mixture increased the formation of PREG and DHEA by 
autoxidation. In the studies of Mathur et al. ( 33 ), treat-
ment of a lipoidal fraction from brain with NaOH resulted 
in release of PREG similar to that induced by TEA. 

 The autoxidation of CHOL by air proceeds via hydro-
peroxide intermediates, e.g., CHOL 7 � -hydroperoxide, 
CHOL 25 � -hydroperoxide, and CHOL 20 � -hydroperoxide 
( 23, 28–30 ). Spontaneous decomposition of CHOL 7 � -
hydroperoxide gives rise to the common CHOL autoxida-
tion products 7 � -OH CHOL, 7 � -OH CHOL, and 7-oxo 
CHOL, whereas the thermal decomposition of CHOL 
20 � -hydroperoxide gives PREG and ADIOL ( 32 ). The 
pathways of decomposition of these CHOL hydroperox-

  Fig.   8.  Effects of FeSO 4  treatment on the formation of PREG and 
DHEA from 1 mg of CHOL (A) and a methanol extract of 100 mg 
rat brain (B). Following the treatment, the free steroid fraction 
obtained by recycling C18 SPE was analyzed by GC-MS of the HFB 
derivatives. Data presented are means ± SEM (n = 4). Statistical 
analysis: Student’s  t -test *,  P  < 0.05; **,  P  < 0.01; ***,  P  < 0.001.   
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rivatization of the 20-oxo group, and the possibility that 
autoxidation of fatty acid esters of CHOL could generate 
PREG and DHEA esters during the derivatization reaction 
needs to be evaluated. An HPLC fractionation procedure, 
permitting a strict separation of free and esterifi ed CHOL 
and the potential fatty acid esters of PREG and DHEA, will 
be required to establish the presence of these steroid con-
jugates in rat brain. 

 Autoxidation of CHOL and the characterization of free 
PREG and DHEA in rat brain 

 Given the observations described above, we feared that 
the autoxidation process could interfere also in analyses of 
free PREG and DHEA (using the method described in 
Ref.  2  and in this article). Thus, 1% of the free CHOL and 
90% of the oxysterols are eluted in the free steroid frac-
tion and constitute a potential risk for formation of PREG 
and DHEA during evaporation and derivatization. For this 
reason, we estimated the autoxidative yield of these ste-
roids from CHOL and several oxysterols using mild deriva-
tization conditions, i.e., without heating or addition of 
catalysts. Free DHEA was not detected in any of these ex-
periments, indicating that autoxidation of CHOL was of 
minor importance. 

 By using HPLC to search for potential precursors of 
PREG in the free steroid fraction, we found that PREG was 
exclusively present in fractions containing added  3 H-PREG 
and not formed from fractions containing CHOL or 

CHOL. We did not fi nd evidence for such a precursor in 
our HPLC experiments, but the quantitative importance, 
if any, of alternative precursors might be indirectly deter-
mined by subtraction of the contribution of added CHOL 
labeled with  14 C or  13 C in the ring system ( 36, 37 ). 

 Autoxidation of CHOL and the characterization of fatty 
acid esters of PREG and DHEA in rat brain 

 We can conclude with certainty that PREG, DHEA, and 
ADIOL can be formed by autoxidation from brain CHOL 
during the sample treatment. Similar artifacts can be en-
visaged in analyses of plasma ( 2 ). These results also raise a 
question about the presence and accuracy in measure-
ments of fatty acid esters of PREG and DHEA by indirect 
methods. Analyses of these steroid esters by GC-MS ( 33 ) or 
radioimmunology (RIA) ( 38 ) after saponifi cation of a li-
poidal fraction from a rat brain extract have been re-
ported. However, autoxidation of free or fatty acid esters 
of CHOL during the saponifi cation step (see above) could 
result in release of PREG and DHEA before the GC-MS or 
RIA analysis. We found (data not shown) that exposure at 
80°C under N 2  of 1 mg of CHOL to 40% KOH in 95% 
ethanol for 1 h resulted in formation of 0.36 ng PREG but 
no DHEA or ADIOL (the latter decreased by 0.1 ng com-
pared with control). On the other hand, Shimada and 
Mukai detected fatty acid esters of PREG and DHEA, espe-
cially PREG-3-stearate, in rat brain by LC-MS ( 39 ). In this 
case, the characterizations were performed following de-

  Fig.   9.  Hypothetical mechanisms for the formation of PREG and DHEA by autoxidation of CHOL via the 
20 � -hydroperoxide and the 17 � -hydroperoxide intermediates.   
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methods, it is possible that CHOL has contaminated the 
so-called steroid sulfate fraction. The most likely cases 
are those in which extraction was carried out by homog-
enization of the brain in isotonic saline ( 9, 43–45 ), in 
buffer ( 33, 38, 46–50 ), or in aqueous methanol ( 51 ) fol-
lowed by partitioning between this homogenate and an 
organic solvent. The abundance of phospholipids and 
other complex lipids in the brain will result in formation 
of micelles or aggregates containing CHOL, which will 
not be adequately transferred into the organic phase. 
The CHOL remaining in the aqueous so-called steroid 
sulfate fraction can explain the release of PREG and 
DHEA in subsequent steps, such as solvolysis and deriva-
tization. Hence, the cited articles report relatively high 
levels of so-called PREGS and DHEAS in rat and mouse 
brain (ranges of 3–10 ng/g and 1–5 ng/g, respectively). 
Another critical point is the SPE fractionation step. Our 
initial C18 SPE procedure was based on that developed 
by Bélanger et al. ( 52 ) and modifi ed by Wang, Wahl-
ström, and Backström ( 53 ). The defect of this procedure 
was to dissolve the brain extract in solvent mixtures. such 
as methanol/water (5/95) ( 53–55 ) or methanol/water 
(4/6) ( 56, 57 ) unable to solubilize all the brain compo-
nents, especially lipids, resulting in their inadequate ad-
sorption and separation. CHOL is consequently eluted in 
more polar fractions than expected supposed to contain 
sulfated and/or unconjugated steroids. These defi cien-
cies are not revealed by conventional recovery measure-
ments. The unsatisfactory fractionation steps induce 
falsely high values for PREGS and DHEAS and, depend-
ing on the conditions, also for free PREG and DHEA. In-
terestingly, all the cited articles report levels in rat brain 
with a constant PREGS/DHEAS ratio ( � 3–5) corre-
sponding roughly to that observed for the formation of 
PREG and DHEA by autoxidation of CHOL. Recently, 
Ebner et al. published a complete study in terms of 
screening and rigorous identifi cation of steroids in adult 
male rat brain ( 58 ). They detected DHEAS (but not 
PREGS) after solvolysis and GC-MS. This result needs to 
be explained in view of our fi ndings. 

 The contamination of steroid fractions with CHOL 
will not infl uence measurements of steroids lacking the 
3 � -hydroxy- �  5  structure, such as hormonal steroids pro-
gesterone, 17 � -estradiol, testosterone, corticosterone, and 
cortisol, because they cannot be produced by CHOL au-
toxidation even under harsh experimental conditions. 

 CONCLUSION 

 In summary, our study shows that autoxidation of CHOL 
constitutes a potential source of error not only in the anal-
ysis of oxysterols ( 31, 36 ) but also in the analysis of C 19  and 
C 21  steroids with a 3 � -hydroxy- �  5  structure. In light of this, 
the analytical results of many studies of sulfated, free, and 
fatty acid esters of PREG and DHEA in brain tissue need to 
be reevaluated. Our data confi rm that in rat brain, free 
PREG is endogenous, but levels of DHEA, PREGS, and 
DHEAS are below the detection limits of the present 
method. This study illustrates the importance of suitable 

oxy sterols. Free DHEA was not detected from 400 mg of 
rat brain (<0.10 ng/g), confi rming our previously pub-
lished data ( 2, 16 ). Thus, autoxidation of CHOL or oxy-
sterols did not interfere with the analysis of free 
3 � -hydroxy- �  5  steroids by our procedure. However, other 
analytical protocols will need to be checked for a potential 
contribution from CHOL or oxysterols to the measured 
levels of free 3 � -hydroxy- �  5  steroids. 

 Autoxidation of CHOL and the characterization of 
PREGS and DHEAS in rat brain 

 The results of SPE experiments with addition of  3 H-
CHOL to the brain extract emphasized the solubility prob-
lems encountered with the previous, unreliable, SPE 
methodology ( 1 ) and showed that the so-called steroid sul-
fate fraction was contaminated with brain CHOL. The lev-
els of PREG and DHEA released from the sulfate fraction 
were in the range 8–10 ng/g and 2–4 ng/g, respectively, 
(data not shown), which corresponds to the values ex-
pected from autoxidation of the amount of CHOL pres-
ent. The levels of CHOLS in rat brain [about 1.2  � g/g by 
LC-MS ( 16 ) and 15  � g/g by indirect GC-MS ( 40 )] are too 
low for their autoxidation to contribute to the measured 
values of PREG and DHEA. In addition, HPLC of the ste-
roid sulfate fraction showed that CHOL was the unique 
precursor of the released PREG and DHEA (together with 
a minor contribution of free PREG), whereas no PREG or 
DHEA were released from fractions corresponding to 
PREGS and CHOLS. Thus, PREG and DHEA detected in 
the so-called steroid sulfate fraction obtained with the un-
reliable extraction and fractionation protocols were gen-
erated by autoxidation of CHOL and not by solvolysis of 
sulfate conjugates as previously assumed. 

 DHEAS ( 8 ) and PREGS ( 9 ) were among the fi rst ste-
roids to be identifi ed in rat brain and qualifi ed as neuros-
teroids. Levels of PREGS ( � 5–15 ng/g) and DHEAS 
( � 1.5–5 ng/g) were initially measured by RIA, and the 
data obtained in adrenalectomized and castrated animals 
suggested that these steroids were formed and/or accu-
mulated at least partly independently of peripheral ste-
roidogenic glands. Given that DHEA and DHEAS were 
below the detection limit in the plasma of most adult mam-
mals except for man and highest nonhuman primates ( 41, 
42 ), this fi nding resulted in emergence of the neuroste-
roid concept. Our results explain why the concentrations of 
the assumed PREGS and DHEAS did not vary signifi cantly 
after adrenalectomy and castration ( 8, 9, 43 ). Thus, a sul-
fate fraction free of CHOL is the prerequisite for analysis 
of PREGS and DHEAS by indirect detection methods. 
Capillary LC-MS methods for analysis of the intact conju-
gates ( 16 ) now permit validation of methods based on sol-
volysis and GC-MS and can be used for analysis of the intact 
conjugates. As mentioned in our previous article ( 2 ) and 
in contrast with the situation in rodents, PREGS and 
DHEAS are present in human brain. It is also well estab-
lished that DHEAS and PREGS are quantitatively impor-
tant steroids in human blood. 

 The literature contains numerous methods for analysis 
of steroid sulfates by GC-MS after solvolysis. In several 
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tition and in particular its early removal to avoid the gen-
eration of autoxidation artifacts. Given the biological 
relevance of PREG and DHEA in their free and sulfated 
forms in the nervous system, it is essential to characterize 
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