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Abstract The separation of the acetate derivatives of a number 
of oxygenated sterols was achieved by medium pressure liquid 
chromatography on silica gel columns and by normal and 
reversed phase high performance liquid chromatography. We 
have explored the application of these chromatographic systems 
for the analysis of oxygenated sterols of plasma samples from two 
normal human subjects. The addition of highly purified 
[ 14C]cholesterol to plasma permitted the detection and quantita- 
tion of oxygenated sterols formed by autoxidation of cholesterol 
during processing of the samples. Special attempts to suppress 
autoxidation of cholesterol included the use of an all-glass closed 
system for saponification and extraction under argon followed by 
rapid removal of cholesterol from the polar sterols by reversed 
phase medium pressure liquid chromatography. M Chromato- 
graphic analyses of the [3H]acetate derivatives of the polar 
sterols provided a sensitive approach for the detection and quan- 
titation of the individual oxygenated sterols. Oxygenated sterols 
detected in plasma included cholest-5-ene-3/3,26-diol, (24s)- 
cholest-5-ene-3&24-diol, and cholest-5-ene-3~,7a-diol. After cor- 
rection for their formation by autoxidation of cholesterol during 
processing of the samples, very little or none of the following 
sterols were observed: cholest-5-ene-3/3,7/3-diol, 5a,6a-epoxy-cho- 
lestan-3/3-01, 5/3,6/3-epoxy-cholestan-3/3-01, and cholestane- 3/3, 
5a,6/3-triol, and the 25-hydroxy, 22R-hydroxy, 21-hydroxy, 20a- 
hydroxy, and 19-hydroxy derivatives of cholesterol. -Kudo, K., 
G. T. Emmons, E. W. Casserly, D. P. Via, L. C. Smith, J. 
St. Pyrek, and G. J. Schroepfer, Jr. Inhibitors of sterol synthe- 
sis. Chromatography of acetate derivatives of oxygenated sterols. 
J. Lipid Res. 1989. 30: 1097-1111. 
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The regulation of the biosynthesis of cholesterol and of 
other products of the metabolism of mevalonic acid is a 
matter of considerable importance in biology and medi- 
cine. In 1973 Kandutsch and Chen (1) made the impor- 
tant discovery that certain oxygenated derivatives of 
cholesterol were potent inhibitors of sterol synthesis in 
cultured mammalian cells and lowered the levels of 
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase activity in these cells. Highly purified 
cholesterol had little or no effect under the same condi- 

tions. Since the initial discovery by Kandutsch and Chen 
(l), a large number of oxygenated sterols have been found 
to be potent suppressors of sterol synthesis and of the 
levels of HMG-CoA reductase activity (for reviews see 
references 2-4). Among the oxygenated sterols found to 
be active in the suppression of sterol synthesis and HMG- 
CoA reductase activity are a number of known metabo- 
lites of cholesterol. Some of the same sterols and others 
are known products of the autoxidation of cholesterol 
(5-7). Others include oxygenated sterols that are known 
precursors of cholesterol and possible or probable in- 
termediates in the biosynthesis of cholesterol. The very 
high potency of a number of oxygenated sterols in the 
regulation of sterol synthesis provides very strong stimuli 
for investigations of the natural occurrence of oxygenated 
sterols. Further impetus for these investigations derives 
from the possible role of oxygenated sterols, by virtue of 
their effects on the formation of sterols and other iso- 
prenoids, as natural regulators of cellular replication and 
differentiation (2, 4). 

The actual analysis of the occurrence and quantitation 
of the various oxygenated sterols in biological samples is 
a nontrivial matter, requiring not only sensitive methods 
for the detection of the oxygenated sterols but also effi- 
cient methods for the separation of the concerned com- 
pounds. In addition, since cholesterol and its esters are 
present in relatively high concentrations in plasma and 
tissues, considerable attention must be directed towards 
the suppression of autoxidation of cholesterol present in 
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the sample and an estimation of the amount of oxy- 
genated sterols formed by autoxidation of cholesterol 
during the procedures utilized for the isolation and 
quantitation of the oxygenated sterols. Consideration of 
this important matter is critical for studies of the natural 
occurrence of oxygenated sterols in blood, tissues, and in 
other materials spch as natural or derived food substances. 

Described herein is an approach which is based upon 
the chromatographic separation of acetate derivatives of 
the various sterols, coupled with careful attempts to sup- 
press autoxidation of cholesterol in the sample, for the in- 
vestigation of the natural occurrence and quantitation of 
oxygenated sterols in plasma of human subjects. The use 
of acetate derivatives for the chromatography of the oxy- 
genated sterols represents an extension of our previous 
use of acetate derivatives of monohydroxysterols for their 
separation by chromatography on columns of alumina 
and silica gel impregnated with AgNO, (8-16), by high 
performance liquid chromatography (HPLC) (17), by 
medium pressure liquid chromatography (MPLC) on 
columns of alumina-AgNO, (18-22), and by gas-liquid 
chromatography (GLC) (8-12). Moreover, the use of ,H- 
labeled acetic anhydride for the formation of the acetate 
derivatives provided not only a simple method to follow 
the separation of the various oxygenated sterols but also 
a sensitive approach for the quantitation of the various 
sterols. Detection and estimation of the amounts of oxy- 
genated sterols formed by autoxidation of cholesterol 
during procedures used for the isolation of the oxygenated 
sterols were made by the addition of a known amount of 
very highly purified ['4C]cholesterol prior to any process- 
ing of the sample. 

MATERIALS AND METHODS 

General 

Melting points (mp) were recorded as described 
previously (23). Colorimetric analyses of steryl acetates 
were made with the Liebermann-Burchard reagent 
described by Abell et al. (24). Thin layer chromatography 
(TLC) was carried out on plates (20 cm x 5 cm) of silica 
gel G (250 pm in thickness) which were purchased from 
Analtech, Inc. (Newark, DE). Components on the plates 
were visualized after spraying with molybdic acid (25). 
Radio-TLC analyses were made as previously described 
(26). Radioactivity was assayed with Beckman LS-9000, 
Beckman LS 9800, and Packard Tri-Carb 4640 liquid 
scintillation spectrometers. The scintillation fluid was 2, 
5-diphenyloxazole (0.4%) and 1,4-bis[2-(5-phenyl-1,3- 
oxazolyl)]-benzene (0.05 %) in toluene (SintillAR grade; 
Mallinckrodt, Inc., Los Angeles, CA) or 2,5-diphenyl- 
oxazole (0.4 %) in toluene-ethanol 29.  Silica gel (60-200 
mesh) for column chromatography was obtained from 

J. T. Baker Chemical Company (Phillipsburg, NJ). Silica 
gel (32-63 pm) for MPLC (100 cm x 1.5 cm) was pur- 
chased from Universal Scientific, Inc. (Atlanta, GA). 
Alumina-AgNO, (16.7% AgNO, by weight) for MPLC 
was prepared as described previously (18). Reversed 
phase MPLC was performed with two LiChroprep RF8 
columns (240 mm x 10 mm), purchased from EM 
Science (Darmstadt, West Germany), connected in 
tandem. The following Burdick and Jackson solvents, 
purchased from American Scientific Products (McGraw, 
IL) were deoxygenated with argon prior to use: hexane, 
ethyl acetate, benzene, methyl t-butyl ether (MTBE), iso- 
propyl alcohol, and methanol. Pyridine (Mallinckrodt; 
Los Angeles, CA) was distilled, under nitrogen, from 
barium oxide prior to use. Argon (99.9995% minimum 
purity) was obtained from Matheson (Secaucus, NJ) and 
further deoxygenated with a Matheson gas purifier 
(model 6406) p rior ' to use. 

HPLC analyses were made with one of two combina- 
tions of equipment. System 1 was composed of a Waters 
6000 pump, U6K injector, and an ALC/GPC 501 differ- 
ential refractometer. System 2 was composed of a Waters 
501 pump, U6K injector, automated gradient controller, 
and a Lambda-Max Model 481 ultraviolet detector. The 
individual components were purchased from Waters 
Associates, Inc. (Milford, MA). Unless specified other- 
wise, HPLC analyses were made with system 1. The 
HPLC columns used were 5 pm Spherisorb silica gel 
(250 mm x 4.6 mm), semipreparative 5 pm Spherisorb 
silica gel (250 mm x 9.2 mm), 5 pm Spherisorb ODS-I1 
(250 mm x 4.6 mm), 3 pm Spherisorb ODs-I1 (150 
mm x 6.2 mm), and a 5 pm semi-preparative Spherisorb 
ODs-I1 (250 mm x 9.2 mm), all of which were pur- 
chased from Custom LC, Inc. (Houston, TX). Also used 
was an 8 pm Dynamax C18 column (250 mm x 10 mm) 
which was purchased from Rainin Instrument CO., Inc. 
(Woburn, MA). Unless specified otherwise, all normal 
phase analytical HPLC and reversed phase analytical 
HPLC utilized columns (250 mm x 4.6 mm) of 5 pm 
Spherisorb silica gel or 5 pm Spherisorb ODS-11, respec- 
tively. GLC analyses were made on a Hewlett-Packard 
Model 5730 equipped with a flame ionization detector 
and a 0.1 pm DB-5 fused silica capillary column (0.25 
mm x 30 m; J. & W. Scientific; Rancho Cordova, CA). 
Combined GLC-mass spectrometry (GLC-MS) analyses 
were performed with a Shimadzu Q P l O O O  unit (Shi- 
madzu Corporation; Kyoto, Japan) equipped with a Shi- 
madzu GC9A chromatograph containing a 0.1 pm DB-5 
fused silica capillary column (0.25 mm x 30 m; J. & W. 
Scientific). Mass spectra were measured under electron 
impact conditions at 20 eV. 

[l-'*C]Acetic anhydride (25.4 mCi/mmol) and [3H]ace- 
tic anhydride (50 mCi/mmol) were purchased from 
Amersham (Arlington Heights, IL) and New England 
Nuclear (Boston, MA), respectively. [4-'4C]Cholesterol 
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(56 mCi/mmol), [la,2a-3H]cholestero1 (44 Cilmmol), 
and [3H]sodium borohydride (6.9 Ci/mmol) were pur- 
chased from Amersham. For the studies described herein, 
highly purified [4- "C ]cholesterol was required. Accord- 
ingly, the labeled cholesterol (200-680 pCi) was diluted 
with unlabeled cholesterol (3.2-10.1 mg) and subjected to 
HPLC. Two semi-preparative normal phase or two semi- 
preparative reversed phase purifications were used. The 
resulting purified [ 14C]cholesterol had a radiopurity in ex- 
cess of 99.9% as judged by radio-TLC analyses (solvent 
system, 50 % ethyl acetate in hexane containing butylated 
hydroxytoluene (0.1%)). The total amounts of '*C de- 
tected in seven l-cm scrapings with mobilities less than 
that of [ '*C]cholesterol ( - 5.0 x lo5 dpm) were less than 
85 dpm. The highly purified [4-I4C] cholesterol was used 
immediately in the analytical studies of plasma described 
herein. [la,2ar-,H ]Cholesterol was purified by silica gel 
column chromatography (solvent, toluene) prior to use. 

Cholesterol was purified by way of its dibromide 
derivative (27) and recrystallization from acetone-water. 
This material showed a single component (>99 %) on 
normal phase HPLC (solvent, 25% ethyl acetate in hex- 
ane) and on reversed phase HPLC (solvent, methanol). 
5a-Cholestan-3&01 (mp 142.5-143.0"C [lit. 140-141 "C 
(28)]), was prepared by catalytic reduction of cholesteryl 
acetate (28) followed by saponification with 0.4 N KOH 
in 957% ethanol and two recrystallizations from metha- 
nol. The purified material showed a single component 
( > 99 %) on TLC (solvent, 50 % ethyl acetate in hexane), 
on normal phase HPLC (solvent, 25% ethyl acetate in 
hexane), and on reversed phase HPLC (solvent, metha- 
nol). 5a-Cholestan-38-01 was further recrystallized from 
hexane prior to use to avoid formation of the hydrate of 
the free sterol. 3fi-Acetoxy-cholest-5-en-7-one was pur- 
chased from Aldrich Chemical Company (Milwaukee, 
WI) and purified twice by silica gel column chromato- 
graphy using mixtures of ethyl acetate in benzene (1:30 
and 1:40) as the eluting solvent, The purified material, 
after recrystallization from CHCl,, melted at 162- 163°C 
(lit. 163-164°C (29)) and showed a single component 
( > 99 %) on TLC (solvent, 5 % ethyl acetate in benzene), 
on normal phase HPLC (solvent, 7 % ethyl acetate in hex- 
ane), and on reversed phase HPLC (solvent, methanol). 
Cholest-5-ene-3/3,7a-diol (mp 183-184°C [lit. 183-184°C 
(30)]) and cholest-5-ene-3/3,7P-diol (mp 180.5-181.0"C 
[lit. 172-175OC (31) and 176-182°C (32)J) were prepared 
by reduction of 3/3-hydroxy-cholest-5-en-7-one with 
sodium borohydride (31) followed by resolution of the two 
7-hydroxy epimers by silica gel column chromatography 
(solvent, hexane-ethyl acetate 32)  and recrystallization of 
the purified sterols from methanol. Each of the 7-hydroxy- 
sterols showed a single component (> 99 %) on TLC (sol- 
vent, 50 % ethyl acetate in hexane) and on reversed phase 

HPLC (solvent, 2 7% water in methanol). 36-Acetoxy- 
5a,6a-epoxy-cholestane (mp 97-98OC, clearing point, 
117OC [lit. 101 "C (33)]) and 3@-acetoxy-5/3,6&epoxy- 
cholestane (mp 112-113°C [lit. 113OC (33)]) were prepared 
by epoxidation of cholesterol (34), acetylation of the re- 
sulting product with a mixture of acetic anhydride and 
pyridine, resolution of the two epoxysteryl acetates by 
MPLC on an alumina-AgNO, column (18) using 3% 
ethyl acetate in hexane as the eluting solvent, and recry- 
stallization from methanol. Each of the epoxysteryl ace- 
tates showed a single component (>99%) on TLC 
(solvent, 1 % acetone in benzene), on normal phase 
HPLC (solvent, 5 %  ethyl acetate in hexane), and on 
reversed phase HPLC (solvent, methanol). 

A mixture of (24R)-cholest-5-ene-3P,24-diol and (24s)- 
cholest-5-ene-3P,24-diol was prepared from fucosterol 
(35) as follows. Fucosterol(80 mg; Sigma Chemical Com- 
pany; St. Louis, MO) was acetylated with a mixture of 
acetic anhydride and pyridine and, after purification by 
silica gel column chromatography (solvent, hexane- 
CHCl, 3:1), gave fucosteryl acetate (61 mg) which showed 
a single component on TLC (solvent, hexane-ether 2:l). 
The fucosteryl acetate in CH,Cl, was subjected to ozono- 
lysis at - 78°C and the ozonide was reduced with sodium 
borohydride in methanol to give (24RS)-3@-acetoxy- 
cholest-5-en-24-01 (9.7 mg). Saponification (1 N KOH in 
95% ethanol at room temperature) gave, after silica gel 
column chromatography (solvent, 20 % ethyl acetate in 
hexane), (24RS)-cholest-5-ene-3@,24-diol (7.1 mg) which 
showed a single component (>99 %) on TLC (solvent, 
50% ethyl acetate in hexane) with the same mobility as 
an authentic sample of (24S)-cholest-5-ene-3P,24-diol. 
(24S)-Cholest-5-ene-3P,24-diol and (24R)-cholest-5-ene- 
3/3,24-diol were not separable on TLC or on reversed 
phase HPLC (solvent, 2 % water in methanol). The cor- 
responding diacetates were also not resolved on TLC (sol- 
vent, 10% ethyl acetate in hexane) or on normal phase 
HPLC (solvent, 3.5 % ethyl acetate in hexane). A partial 
resolution of the diacetate derivatives of the two epimeric 
diols was achieved on reversed phase HPLC (solvent, 
methanol). (24R)-3/3-Acetoxy-24,25-epoxy-cholest-5-ene 
(mp 110.5-112.5"C) and (24S)-3/3-acetoxy-24,25-epoxy- 
cholest-5-ene (mp 114.5-116.5OC) were prepared as 
described previously (36). Each epimer showed a single 
component (>99 %) on normal phase HPLC (solvent, 
5% ethyl acetate in hexane) and reversed phase HPLC 
(solvent, 2 % water in methanol). (24R)-3/3-Acetoxy- 
24,25-epoxy-lanost-8-ene (mp 194.0-195.5OC [lit. 194- 
197OC (37)]) and (24S)-3P-acetoxy-24,25-epoxy-lanost- 
8-ene (mp 140.0-141.5°C, [lit. 137-139"C, remelted at 
143.5-144.5"C (37)]) were prepared from commercial 
lanosterol (Mann Research Lab., Inc., New York, NY) by 
a published procedure (38) and purified as described 
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previously (36). (20S)-Cholest-5-ene-3P,21-diol (single 
component ( > 99 5%) on TLC; solvent, 50 % ethyl acetate 
in hexane), (20S)-3~,21,-diacetoxy-cholest-5-ene (single 
component ( > 99 76) on TLC; solvent, 10 % ethyl acetate 
in hexane, on normal phase HPLC; solvent, 5 %  ethyl 
acetate in hexane, and on reverse phase HPLC; solvent, 
methanol), and a mixture of (20S)-3@,21-diacetoxy- 
cholest-5-ene and (20R)-3~,21-diacetoxy-cholest-5-ene 
were prepared according to the procedure of Wicha and 
Bd  (39). 

Samples of cholest-5-ene-3P,2Oar-diol (single compo- 
nent ( > 99 %) on TLC; solvent, 50 % ethyl acetate in hex- 
ane) were obtained from Sigma Chemical Company and 
Steraloids, Inc. (Wilton, NH). Cholest-5-ene-3/3,19-diol 
(Sigma Chemical Company) showed a single component 
( >99 %) on reversed phase HPLC. (22R)-Cholest-5-ene- 
30,22-diol (single component on TLC; solvent, 50 % ethyl 
acetate in hexane) was obtained from Sigma Chemical 
Company. Cholestane-3P,5a,GP-triol, purchased from 
Steraloids, showed a single component ( > 99 %) on TLC 
(solvent, 50% ethyl acetate in hexane) and on reversed 
phase HPLC (solvent, 2 %  water in methanol). (25R)- 
Cholest-5-ene-3/3,26-diol, a generous gift from Syntex, 
Inc. (Palo Alto, CA), showed a single component ( > 99 %) 
on TLC (solvent, 50% ethyl acetate in hexane) and on 
reversed phase HPLC (solvent, 2% water in methanol). 
(24S)-Cholest-5-ene-3/3,24-diol, a generous gift from Pro- 
fessor N. Ikekawa (Tokyo, Japan), showed a single compo- 
nent (>99%) on reversed phase HPLC (solvent, 2% 
water in methanol). 

Acetate derivatives of the free sterols listed above were 
prepared by treatment with acetic anhydride and pyridine 
and purified by silica gel column chromatography and/or 
recrystallization. The purity of each of the acetylated 
sterols was in excess of 99% as judged by normal phase 
HPLC (solvent, 1 to 10% ethyl acetate in hexane) and 
reversed phase HPLC (solvent, methanol or 2 % water in 
methanol, or 10% isopropyl alcohol in methanol). La- 
beled (3H or 14C) acetate derivatives of authentic samples 
of the various sterols were prepared by treatment of the 
free sterols with [3H]acetic anhydride or [l-14C]acetic 
anhydride in pyridine and purified by silica gel column 
chromatography and/or recrystallization. The identity of 
the labeled acetylated derivatives of the sterols was con- 
firmed by their comigration with the corresponding 
authentic unlabeled steryl acetate derivatives. The 
radiopurity of each labeled acetylated derivative of the 
sterols was checked by normal phase HPLC and reversed 
phase HPLC prior to use. The following 3H-labeled steryl 
acetate derivatives (specific activity - 8-42 mCi/mmol) 
were prepared: 3/3-acetoxy-cholest-5-ene (I), 30-acetoxy- 
Sa-cholestane (11), (22R)-3P,22-diacetoxy-cholest-5-ene 
( IC) ,  (24RS)-3/3,24-diacetoxy-cholest-5-ene (11 ), (25R)- 
3P,26-diacetoxy-cholrst-5-ene (y), 3/3-acetoxy-5P,6/3- 

epoxy-cholestane (VI), 3~-acetoxy-5a,6a-epoxy-choles- 
tane (VII), - 3P,7a-diacetoxy-cholest-5-ene (VIII - ), 3P,7P- 
diacetoxy - cholest - 5 - ene (IX), - 3P-acetoxy - cholest - 5 -en- 
2Oa-01 (X ), 3P-acetoxy-cholest-5-en-7-one (&I), 3P-ace- 
toxy-ch0&-5-en-25-01 (XII), and 3P,GP-diacetoxy-cho- 
lestan-5a-01 (XI11 - ) (see Fig.1). The following "C-labeled 
steryl acetate derivatives (specific activity - 0.2- 1.0 pCi 
per mCi/mmol) corresponding to I C ,  11 ,  V _ ,  V s ,  
VIII , I X ,  X , X I ,  XII, and XI11 - were prepared. In 
addition, authentic (24S)-3~,24-[1-'4C]diacetoxy-cholest- 
5-ene was prepared. 
3~-Acetoxy-[la,2a-3H]cholest-5-en-7-one was prepared 

as follows. [la,2a-3H]Cholesterol (0.99 mCi/mmol) was 
acetylated with acetic anhydride-pyridine 1:l. The result- 
ing acetate was recrystallized from ethyl acetate and 
showed a single component (>99%) on TLC with the 
same mobility as that of authentic cholesteryl acetate (sol- 
vent system, hexane-ethyl acetate 9:l). Oxidation of the 
steryl acetate with 3,5-dimethylpyrazole-chromium triox- 
ide complex (40) gave 3~-a~etoxy-[la,2a-~H]cholest-5- 
en-7-one which, after purification by silica gel column 
chromatography (solvent system, increasing concentra- 
tions ( O - l O % )  of ethyl acetate in hexane) and reversed 
phase HPLC on a Dynamax C,, column (solvent, 
methanol), showed a single labeled component ( > 99 %) 
on HPLC on a 5 pm Spherisorb column (solvent, 8% 
ethyl acetate in hexane). 3P-Acetoxy-5a,6a-epoxy-[la,2a- 
'H]cholestane and 3~-a~etoxy-5~,6~-epoxy-[la,2a-~H]- 
cholestane (300 mCi/mmol) were prepared from [la,2a- 
3H]cholesterol as described above for the cases of the 
unlabeled epoxysterols. The two labeled epoxysteryl ace- 
tates had the same mobilities as the corresponding 
authentic samples of the 5a,6a- and 5P,GP-epoxysteryl 
acetates and had radiopurities in excess of 99 % on HPLC 
analyses on a 5 pm Spherisorb ODS-I1 column (solvent, 
methanol). 3P,7a-Dia~etoxy-[7/3-~H]cholest-5-ene and 
3P,7P-dia~etoxy-[7a-~H]cholest-5-ene were prepared by 
reduction of 3P-acetoxy-cholest-5-en-7-one (7.8 mg) with 
an excess of [3H]NaBH4 followed by acetylation and 
separation of the resulting 3p,7a- and 3@,7P-diacetates by 
alumina-AgNO, column chromatography (vide infra). 
The isolated labeled diacetates had the same mobilities as 
the corresponding authentic samples of the 3P,7a- and 
3/3,7@-diacetates and had radiopurities in excess of 99 % 
on HPLC analyses on a 5 pm Spherisorb ODS-I1 column 
(solvent, 98% methanol in water). Each epimer was 
diluted with the appropriate authentic unlabeled sample 
to give a specific activity of 310 mCi/mmol. 

Plasma samples were collected from healthy human 
volunteers through the Methodist Hospital Blood Donor 
Center under protocols approved by the Human Ex- 
perimentation Committees of Methodist Hospital, the 
Baylor College of Medicine, and Rice University. The 
samples were stored overnight at - 7OoC prior to analysis. 

- -  - -  
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Chromatography of acetate derivatives of oxygenated 
sterols 

The availability of the acetate derivatives of the various 
oxygenated sterols in unlabeled form and as [3H]- and/or 
[ "Clacetate derivatives greatly facilitated the exploration 
of various chromatographic columns and solvent systems. 

The separation of the acetate derivatives of authentic 
samples of the various oxygenated sterols by MPLC on a 
column (100 cm x 1.5 cm) of silica gel is shown in Fig.1. 
The chromatogram shows that the use of this MPLC 
system permitted the resolution of cholesteryl acetate (L)  
from the acetate derivatives of the oxygenated sterols. 
Moreover, this system provided excellent separations of 
most of the acetate derivatives of the oxygenated sterols. 
However, an incomplete separation of the diacetate 
derivative of the A5-3@,26-diol (V - ) and the acetate 
derivative of the 5/3,6&epoxysterol (E) was observed. In 
addition, no separation of the diacetate derivatives of the 
A5-3P,7a-diol (VIII - ) and the A5-3P,7P-diol (IX) - was 
achieved under these conditions. 

MPLC on columns of alumina-AgNO, was also ex- 
plored for the separation of the acetate derivatives of 
selected oxygenated sterols. In contrast to the case of 
MPLC on silica gel, MPLC on a column (1.5 cm x 
100 cm; solvent, 7 7% ethyl acetate in hexane) of alumina- 
AgNO, provided a striking resolution of the diacetate 
derivatives of cholest-5-ene-3~,7cr-diol (VIII - ) and cho- 
lest-5-ene-3P,7P-diol (IX) - (Fig. 2). MPLC on an alumi- 

na-AgNO, column (1.5 cm x 100 cm; solvent, 3% ethyl 
acetate in hexane) also gave a very marked separation of 
the acetate derivatives of 5a,6a-epoxy-cholestan-3~-01 
(VII) and 5~,6~-epoxy-cholestan-3~-ol (E) (Fig. 2). Ar- 
inGr and Eneroth (41) previously described the separa- 
tion of the acetate derivatives of the 5a,6a- and 5P,60- 
epoxides of cholestercl by TLC on plates of silica gel 
pretreated with AgNO, in concentrated NH,OH. 

Separations of the acetate derivatives of the various 
oxygenated sterols by normal phase HPLC (solvent, 5 '% 
ethyl acetate in hexane) on a 5 pm Spherisorb column 
(4.6 m x 250 mm) are summarized in Table 1. Under 
these conditions, cholesteryl acetate (!) and 30-acetoxy- 
5cr-cholestane ( I I )  had the same retention time and only 
a slight separation of the diacetate derivatives of the 
A5-3a,7a-diol (VIII - ) and the A5-3/3,7P-diol (IX) - was 
achieved. No resolution of the R and S epimers of 24- 
hydroxycholesteryl diacetate ( 1 1 )  was observed. 

Reversed phase HPLC (solvent, methanol) on a 5 Fm 
Spherisorb ODs-I1 column (4.6 mm x 250 mm) pro- 
vided separations of the acetate derivatives of the various 
oxygenated sterols which were complimentary and, in 
some cases, superior to those achieved by normal phase 
HPLC (Table 1). Especially notable was the resolution of 
the diacetate derivatives of the A5-3/3,7a-diol (VI11 ) and 
the A5-3/3,7/3-diol (IX). Under these conditions, only a 
slight separation of the R and S epimers of 24-hydroxy- 
cholesteryl diacetate (11) was observed. It should be 
noted that using a 3 pm Spherisorb ODs-I1 column, very 
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Fig. 1. MPLC of acetate derivatives of oxygenated sterols on column (100 cm x 1.5 cm) of silica gel. Using 3% 
ethyl acetate in hexane as the initial eluting solvent, fractions 15 ml in volume (4.3 mllmin) were collected. At frac- 
tions 200 and 300, the eluting solvent was changed to 5% ethyl acetate in hexane and 10% ethyl acetate in hexane, 
respectively. The individual steryl acetates were (in order of elution) 3~-[3H]aceroxy-cholest-5-ene (I) (22R)-3/3,22- 
[3H~diacetoxy-cholest-5-ene (E), (24S)-3P-[1-'%]diacetoxy-cholest-5-ene (E), (25B)-38,26-['H]diacetoxy-~holest- 
5-ene (v), 3~-acetoxy-5P,6P-epoxy-cholestane (E), 3~-acetoxy-[l-14C]5a,6a-epoxy-cholestane (z), 3P,7a- 
[3H]diacetoxy-cholest-5-ene (VIII), 3P,7~-[JH]diacetoxy-cholest-5-ene (E), 3~-[3H]acetoxy-cholest-5-en-20a-ol 
(&), 3P-[SH)acetoxy-cholest-5-en-7-one (XI), 3p-[ 3H]acetoxy-cholest-5-en-25-ol (E), and 3P,6P-[l-"C]diacetoxy- 
cholestan-5a-01 (z). The amounts applied were: VI, 7mg; 1, 5 x 10* dpm; and -lo5 dpm for each of 111, IV, 
V,  VII, VIII, IX, 5, XI, g ,  and g; (e), 'H?A), "C; (0), steryl acetate measured colorimetrically. - -  
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Fig. 2. MPLC of acetate derivatives of oxygenated sterols on a column (100 cm x 1.5 cm) of alumina-AgNO,. 
A (above): separation of 3@,7~r-[~H]diacetoxy-cholest-5-ene (3.5 x lo5 cpm) and 3@,7@-diacetoxy-cholest-5-ene ( - 7 
mg). Using 7 %  ethyl acetate in hexane as the eluting solvent, fractions were collected every 13 min at a flow rate 
of 2.45 ml/min. B (below): separation of 3@-acetoxy-5@,6@-epoxy-cholestane ( - 5 mg) and 3@-[3H]acetoxy-5a,6cr- 
epoxy-cholestane (3.5 x lo5 cpm). Using 3% ethyl acetate in hexane as the eluting solvent, fractions were collected 
every 13 min at a flow rate of 2.45 m l h i n ;  (O), radioactivity; (A), steryl acetate measured colorimetrically. 

useful (albeit not complete) separation of the derivatives 
of the epimers of 24-hydroxycholesterol can be achieved 
(vide infra). 

Analysis of oxygenated sterols in plasma by chromato- 
graphy of acetate derivatives 

The results presented above demonstrate that the 
separation of the acetate derivatives of a large number of 
oxygenated sterols can be achieved by chromatography. 
Preparation of 3H-labeled acetate derivatives of the 
various oxygenated sterols, using [ 3H]acetic anhydride of 

known specific activity, could be used not only to follow 
the separation of the oxygenated sterols but also to pro- 
vide a sensitive approach for the quantitation of the in- 
dividual oxygenated sterols. Since plasma contains 
substantial amounts of cholesterol and cholesteryl esters, 
measures were required not only to suppress autoxidation 
but also to detect and estimate the amounts of oxygenated 
sterols formed by autoxidation of cholesterol during the 
procedures used for the isolation and identification of the 
oxygenated sterols. The addition of a known amount of 
very highly purified [ ''C]cholesterol to plasma prior to 
any processing of the sample provided an internal control 
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TABLE 1. Retention times of acetate derivatives of oxygenated sterols upon HPLC 

Retention Time 

Designation Name Normal Phase' Reversed Phase* 

3fl-Acetoxy-cholest-5-ene 
3fl-Acetoxy-5a-cholestane 
(22R)-3fl,22-Diacetoxy-cholest-5-ene 
(24S)-3fl,24-Diacetoxy-cholest-5-ene 
(25R)-3fl,26-Diacetoxy-cholest-5-ene 
3fl-Acetoxy-5fl,6fi-epoxy-cholestane 
3fl-Acetoxy-5a ,6a-epoxy-cholestane 
3fl,7a-Diacetoxy-cholest-5-ene 
3fl,7fl-Diacetoxy-cholest-5-ene 
3fl-Acetoxy-cholest-5-en-2Oa-ol 
3fl-Acetoxy-cholest-5-en-7-one 
3fl-Acetoxy-cholest-5-en-25-ol 
38 ,6fl-Diacetoxy-cholestan-5a-ol 
3fi,19-Diacetoxy-cholest-5-ene 
(208)-3fi,2 I-Diacetoxy-cholest-5-ene 
(24RS)-3fl-Acetoxy-24,25-epoxy-cholest-5-ene 
(24RS)-3fl-Acetoxy-24,25-epoxy-lanost-8-ene 

5.81 
5.81 
9.03 

11.13 
12.26 
14.84 
16.29 
18.20 
17.90 
20.48 
34.19 
N.D.' 
N.D. 
16.06 
14.20 
N.D. 
N.D. 

37.42 
42.26 
12.58 
14.84 
18.06 
15.97 
18.06 
13.39 
14.03 
8.71 

11.61 
10.61 
10.17 
N.D. 
N.D. 
13.75 
15.00 

"Column, 5 pm Spherisorb (4.6 mm x 250 mm); elution solvent, 5% ethyl acetate in hexane at flow rate of 0.8 ml/min. 
bColumn, 5 pm Spherisorb ODS-I1 (4.6 mm x 250 mm); elution solvent, methanol at flow rate of 0.8 mllmin. 
'Not determined. 

whereby the amounts of oxygenated sterols formed by 
autoxidation of cholesterol during the processing of the 
sample could be estimated. The use of this approach also 
greatly facilitated the development of procedures for the 
analysis of oxygenated sterols in plasma. The results of a 
number of experiments indicated that, despite standard 
attempts to suppress autoxidation, substantial oxidation 
of the [ '*C]cholesterol occurred during the processing (ex- 
traction, saponification, acetylation, etc.) of the plasma 
samples. On  the basis of the results of these studies, a 
number of major modifications of standard procedures or 
approaches were adopted. An all-glass closed system was 
constructed which permitted saponification and extrac- 
tion of the nonsaponifiable lipids (NSL) under anaerobic 
conditions (Fig. 3; vide infra). It was also recognized that 
removal of as much of the cholesterol as possible at a 
very early stage in the processing of the sample would 
markedly reduce the formation of oxygenated sterols by 
autoxidation of cholesterol. Accordingly, reversed phase 
MPLC of the NSL was used to isolate the polar sterols of 
plasma. This approach not only reduced the possibility of 
the formation of oxygenated sterols during subsequent 
processing of the sample but also greatly facilitated subse- 
quent HPLC analyses. Prior to acetylation of the polar 
sterols with [3H]acetic anhydride, a known amount of 
5a-cholestan-30-01 was added and the resulting labeled 
3/3-acetoxy-5a-cholestane not only served as a chromato- 

FLASK 

WATER- 
BATH 

EXIT PORT 

graphic marker in subsequent HPLC but also a com- 
pound for which the specific activity Of the labeled acetic 
anhydride could be determined. 

Fig. 3. Diagram of all-glass closed system for the saponification and 
extraction of NSL under an atmosphere of argon. Not shown is the com- 
plex valving and manifold system for argon (Ar) and Vacuum (vac) lines. 
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Experiment A 

Freshly purified [4-14C]cholesterol (265 pCi; 12.3 mg) 
of high radiopurity (see above) in absolute ethanol (1 ml) 
was added to a sample (15 ml) of plasma from a healthy 
26-yr-old male subject (total plasma cholesterol, 136 
mgldl). The plasma sample was transferred to an all-glass 
system (Fig. 3) which permitted distillation of solvents, 
hydrolysis of samples, extraction of NSL, and evaporation 
of solvents under a constant positive argon pressure. All 
solvents and solutions were carefully deoxygenated in the 
dropping funnels prior to introduction into the system. 
The system was alternately degassed under reduced 
pressure and then filled with argon three times. After the 
addition of a solution ( -  30 ml) of 10% KOH in 95 % 
ethanol to the flask from dropping funnel #1, the flask was 
heated at 80-85OC in a water bath for 15 min (under a 
constant flow of argon). After cooling to room tempera- 
ture, water ( -  15 ml) was added via dropping funnel #1 
and the solution was transferred to the extraction tube. 
The flask was rinsed twice with small quantities ( - 4 ml) 
of previously distilled MTBE which were introduced from 
the condensing funnel and the resulting ether washes were 
transferred to the extraction tube. The extraction tube 
was isolated by closing the appropriate stopcocks, the 
flask was replaced, and the system was then degassed and 
purged with argon. Continuous extraction of the solution 
in the extraction tube was achieved by flowing MTBE 
from the condensing funnel through the solution ( - 120 
drops per min), collection of the organic layer in the flask, 
and redistillation of the solvent. The extraction was con- 
tinued for 2 h. After stopping the flow of MTBE through 
the solution, the lower layer in the extraction tube was 
removed through the exit port. The remaining organic 
layer was transferred to the flask and the volume of the 
MTBE extract in the flask was reduced to - 20-30 ml by 
distillation. At the same time, a 0.4 N KOH solution was 
introduced into the dropping funnel #2 and degassed with 
argon. After cooling to room temperature, the MTBE 
solution was transferred from the flask to the extraction 
tube and washed with the 0.4 N KOH solution by drop- 
wise addition from dropping funnel #2 (-6 dropslmin). 
The water layer was continuously discarded through the 
exit port. The MTBE solution was then washed with 
deoxygenated water in the same manner. A clean 500-ml 
pear-shaped flask was provided and, after evacuation and 
flushing of this portion of the system with argon, the 
MTBE solution in the extraction tube was transferred to 
the flask as described above. The extraction tube was 
rinsed with a small amount of MTBE from the condens- 
ing funnel and this was also transferred to the flask. The 
solvent was removed under reduced pressure and the 
resulting residue was dissolved in methanol ( - 2  ml), in- 
troduced from dropping funnel #1, and removed from the 

apparatus for immediate reversed phase MPLC and assay 
of I4C. Recovery of 14C in the NSL was 97.5 %. 

Reversed phase MPLC was carried out to remove 
cholesterol and other nonpolar components from the oxy- 
genated sterols. Over 99.8% of the recovered I4C cor- 
responded to the mobility of cholesterol. The contents of 
early fractions (containing less than 0.04% of the 14C 
recovered from the column) were, after the addition of 
5u-cholestan-3@-01 (0.5 mg), treated with L3H]acetic 
anhydride (25 mCi; -500-fold excess relative to 501- 
cholestan-3@-01) in pyridine (1 ml) under argon in a sealed 
vial. After standing overnight at room temperature, the 
mixture was heated for 10 min at 6OOC. Additional unla- 
beled acetic anhydride (1 ml) was added, and the resulting 
mixture was again heated at 60% for 3 h. After cooling 
to room temperature, ice water (15 ml) was added and the 
resulting mixture was extracted 3 times with MTBE (10- 
ml portions). The ether solution was washed 3 times with 
water (10-ml portions) and evaporated to dryness under 
reduced pressure. The resulting acetylated material 
( -  132 pCi 3H and -0.18 FCi I4C) was, after the addition 
of unlabeled samples of the acetate derivatives of the oxy- 
genated sterols, subjected to reversed phase HPLC (5  pm 
Spherisorb ODS-11; solvent, methanol at a flow rate of 0.8 
ml/min) which provided a separation of the 30-acetoxy- 
5a-cholestane (II) (retention time -42 min) from the 
acetate derivatives of the oxygenated sterols. Fractions 
corresponding to the mobilities of the various unlabeled 
steryl acetates on reversed phase HPLC were then sub- 
jected to normal phase HPLC (5pm Spherisorb; solvent, 
5 % or 8 % ethyl acetate in hexane at a flow rate of 0.8 
mllmin). For example, Fig. 4 shows the normal phase 
HPLC of the 3H-labeled material with the chromato- 
graphic mobility of 3@,26-diacetoxy-cholest-5-ene on 
reversed phase HPLC. In some cases, fractions derived 
from the normal phase HPLC were then analyzed by 
reversed phase HPLC (system 2) (3 pm Spherisorb ODS- 
11; solvent, methanol at a flow rate of 0.8 ml/min). 

Experiment B 

Highly purified [414C]cholesterol (257 pCi; 5 mg) was 
added to a sample (30 ml) of plasma from a healthy 29-yr- 
old male subject (total plasma cholesterol, 193 mg/dl). 
The sample was processed as described above for experi- 
ment A and the NSL (96 '% recovery of 14C) was subjected 
to reversed phase MPLC to remove cholesterol (98.3 % of 
recovered "C). The contents of early fractions (con- 
taining -0.02 % of the recovered 14C) were pooled and 
one half of this material was, after the addition of 
5a-cholestan-3@-01 (171 kg), acetylated with ["lacetic 
anhydride as described above. The resulting acetylated 
material ( - 164 FCi 3H; 0.62 GCi I4C) was, after the addi- 
tion of appropriate unlabeled steryl acetate standards, then 
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Fig. 4. Normal phase HPLC analysis of 3H-labeled material with the 
chromatographic behavior of 3@,26-diacetoxy-cholest-5-ene (v) and 
3@-acetoxy-5a,6a-epoxy-cholestane (B) obtained from plasma after 
saponification, extraction, reversed phase MPLC of the NSL on an 
RP-8 column, acetylation with [3H]acetic anhydride, and reversed phase 
HPLC on a Spherisorb ODS-I1 column. The eluting solvent was 5% 
ethyl acetate in hexane (0.8 ml/min); (e), 'H; added unlabeled 
standards were monitored by refractive index. 

subjected to reversed phase HPLC and normal phase 
HPLC analyses. 

Since the two epimers (at (3-24) of 3/3,24-diacetoxy- 
cholest-5-ene (IV ) could be resolved by reversed phase 
HPLC on a 3 pK Spherisorb ODs-I1 column, we studied 
the stereochemical purity of the 3H-labeled sample of IV 
which had been isolated from a plasma sample b y a  
modification of the method described above, Le., reversed 
phase MPLC followed by MPLC on a silica gel column 
and normal phase HPLC. The [3H]-Ix was, after the ad- 
dition of a mixture of unlabeled 24R-IV and 24s-11, 
subjected to reversed phase HPLC (system 2) on a 3 pm 
Spherisorb ODS-I1 column (6.4 mm x 150 mm) at O°C 
using 20% isopropyl alcohol in methanol as the eluting 
solvent at a flow rate of 0.8 ml/min. The resulting chro- 
matogram (Fig. 5 )  showed good resolution, albeit not 
complete, of the 24R and 24s epimers of IV - . (The identi- 
ty of individual epimers was established by the cochroma- 
tography of the more retained epimer with that of an 
authentic sample of (24S)-3/3,24-[1-'4C]-diacetoxy-cho- 
lest-5-ene.) As shown in Fig. 5, almost all of the label of 
[3H]-Iy had the mobility of the 24s epimer. Small 
amounts of 3H had the chromatographic mobility of the 
24R epimer. 

Control experiments were also made with regard to the 
possible lability of various oxysterols to the conditions 
used in the alkaline hydrolysis of the steryl esters in 
plasma. 3@-Acetoxy-(la,2a-3H]cholest-5-en-7-one (1.1 
pCi) was added to plasma (5 ml) and the NSL was ob- 

I m 

TMEW 

Fig. 5. Reversed phase HPLC (3 pm Spherisorb ODS-II) analysis of 3H-labeled material with the chromato- 
graphic behavior of (24RS)-3/3,24-diacetoxy-cholest-5-ene (Iv) obtained from plasma after saponification, extrac- 
tion, reversed phase MPLC of the NSL, acetylation with ['Hlacetic anhydride, MPLC on a silica gel column, and 
normal phase HPLC. The eluting solvent was 20% isopropyl alcohol in methanol (0.8 mllmin) and the column was 
maintained at 0°C; (a), 'H; added standards of the 24R and 245 epimers of 3fl,24-diacetoxy-cholest-5-ene were 
monitored at 210 nm. 
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tained as described above. Whereas most ( > 98 %) of the 
'H was recovered in NSL, reversed phase MPLC analysis 
showed that only 5.6% of the had the chromato- 
graphic mobility of polar oxysterols. Further analysis of 
this latter material on a reversed phase 5 pm Spherisorb 
ODs-I1 column showed that -60% corresponded in 
mobility to authentic 7-ketocholesterol. Thus, only 3.4 '$6 
of the 'H of the labeled 7-ketocholesteryl acetate added to 
plasma was, after saponification, recovered as 7-ketocho- 
lesterol. This finding is in accord with previous reports of 
the alkali lability of 7-ketocholesterol (42-44). 

Varying quantities of 3/3,7a-dia~etoxy-[70-~H]cholest- 
5-ene and of 3/3-acetoxy-5a,6a-epoxy-[la,2a-3H]choles- 
tane were saponified in 10 % KOH in 95 % ethanol (2 ml) 
for 30 min at 70OC. Essentially quantitative recoveries of 
the 'H in NSL were observed for both labeled steryl 
acetates (mean recoveries for the 30,7a-diol and the 
5a,6a-epoxide were 108 % and 105 % , respectively). 
HPLC analyses of the labeled NSL were made on a 5 pn  
Spherisorb ODS-I1 column after the addition of authentic 
unlabeled standards. The recoveries of 3H in material 
with the same chromatographic mobilities as cholest- 
5-ene-30,7a-diol and 5a,6a-epoxy-cholestan-3~-01 on 
HPLC analyses are presented in Table 2. In both cases, 
the average recoveries of 3H were in excess of 95 %, in- 
dicating stability of the A5-30,7a-diol and the 
5a,6a-epoxysterol under the conditions of the alkaline 
hydrolysis. 

RESULTS AND DISCUSSION 

The experiments described above demonstrate that 
MPLC on silica gel and alumina-AgNO, columns, nor- 
mal phase HPLC, and reversed phase HPLC provide 
very useful separations of a number of oxygenated sterols 
in the form of their acetate derivatives. These chromato- 
graphic methods supplement previously described ap- 
proaches that include TLC of free sterols (45, 46), column 
chromatography on lipophilic Sephadex gels (46) and 

Glycophase G (47), HPLC of free sterols (48, 49), GLC 
of free sterols or their trimethylsilyl (TMS) ether 
derivatives (46-48, 50-54), and GLC of the TMS ethers 
of the 3-keto derivatives of oxygenated sterols (55). The 
methodology described here provides several positive 
features. In some cases, the separations achieved were 
considerably superior to those obtained using some of the 
methods listed above. Moreover, MPLC on silica gel col- 
umns provides very high capacity (relative to GLC or 
analytical HPLC) for the separation of the concerned 
compounds on a preparative scale. MPLC on alumina- 
AgNO, columns also offers promise for the preparative- 
scale separation of the acetate derivatives of selected oxy- 
genated sterols. In the present study we have observed 
striking separations of the diacetate derivatives of 7a- and 
70-hydroxycholesterol and of the acetate derivatives of the 
5a,6a- and 50,60-epoxides of cholesterol. In addition to 
the results presented here, we have also had notable suc- 
cess in the preparative scale resolution of the R and S 
epimers of the acetate derivatives of 24,25-epoxy-cholest- 
8-en-30-01 and 24,25-epoxy-lanost-8-en-30-01 by HPLC 
(36). A very significant advantage of the use of acetate 
derivatives of the oxygenated derivatives is the possibility 
of the preparation of labeled acetate derivatives, thereby 
facilitating the detection and quantitation of the various 
oxygenated sterols. Moreover, chromatography of the 
acetate derivatives of the oxygenated sterols provides a 
readily applicable extension of existing chromatographic 
methodology for the separation of the acetate derivatives 
of monohydroxysterols (8-22). 

The presence of oxygenated sterols in plasma (or 
serum) has been reported previously. These reports in- 
clude 5,6-epoxy-cholestan-3/3-01 (50, 56), cholest-5-ene- 
3/3,7a-diol (48, 53, 54), cholest-5-ene-3/3, 7/3-diol (48, 53, 
54), 30-hydroxy-cholest-5-en-7-one (52, 57), cholest-5- 
ene-3@,24-diol (48), cholest-5-ene-30,25-diol (48), and 
cholest-5-ene-30,26-diol (47, 48, 52, 54). 

The presence of 5a,6a-epoxy-cholestan-3/3-01 in serum 
was reported by Gray, Lawrie, and Brooks (50). The 
epoxysterol was detected in both the free sterol and steryl 

TABLE 2. Recoveries of 'H-labeled cholest-5-ene-3P,7a-diol and 5a,6a-epoxy-cholestane after alkaline 
hydrolysis of 36, 7a-diacetoxy-[7~-3H]cholest-5-ene and of 3P-acetoxy-5a,6a-epoxy-[ la,2a-sH]cholestane 

Steryl Acetate Added Free Sterol Recovered" 

nS 76 

Cholest-5-ene-36 ,'la-diol 3.9 98.6 
9.8 93.4 

19.5 94.4 
39.0 98.4 

5a,6a-Epoxy-cholestane-3j3-ol 2.9 95.6 
5.8 97.3 

14.5 93.9 

"After HPLC analysis of NSL obtained after saponification with 10% KOH in 95% ethanol for 30 min at 70OC. 
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ester fractions, although the amounts in each fraction 
were not presented. The sterol was characterized by GLC 
as the free sterol and its TMS ether, trifluoroacetate, and 
acetate derivatives and by MS of the free sterol and its 
TMS derivative. Additionally, the epoxide was reduced 
with LiAlH, to give a product that was similarly 
characterized as cholestane-3/3,5a-diol. The epoxysterol 
was detected in 9 of 11 individuals (from trace to 32.5 
pg/ml of serum) and at a level of 45.5 pg/ml in a pooled 
sample of hypercholesterolemic sera. The authors noted 
that higher levels of the epoxysterol were observed in pa- 
tients with hypercholesterolemia. It is important to note 
that details regarding the timing of analyses (relative to 
blood acquisition) and conditions of storage of samples 
were not provided. Sample processing involved lipid ex- 
traction, preparative TLC, and saponification of steryl es- 
ters. No special precautions to exclude oxygen during 
processing were reported. In a more recent study, Bjork- 
hem et al. (56) investigated the levels of unesterified 
cholesterol-5,6-epoxide (sum of the 5a,6a- and 5/3,6/3- 
epimers) in human serum. Methodology involved lipid 
extraction, preparative TLC, and GLC-mass fragmento- 
graphy. The levels of the mixture of the 5,6-epoxides in 
serum samples from 9 young (23-35 years of age) subjects 
ranged from 67 to 293 ng/ml (mean, 131 ng/ml). In con- 
trast to the very high levels of 5a,6a- epoxide (unesterified 
plus esters) in serum samples from hypercholesterolemic 
subjects reported by Gray et al. (50) (2,500, 15,000, and 
32,500 ng/ml in 3 individuals and 45,500 ng/ml in a 
pooled sample), Bjorkhem et al. (56) observed that the 
levels of unesterified cholesterol-5,6-epoxide in serum 

TABLE 3. Concentrations of oxygenated sterols in plasm; 

samples from patients with familial hypercholesterolemia 
(type IIa) were not elevated (mean, 69 * 14 ng/ml; 
n = 12) but, in fact, appeared to be lower than those of 
normal subjects. In the present study, when fresh plasma 
samples were processed under the rigorous conditions 
described above, very low levels of 5a,6a- epoxysterol 
were detected (2.4 ng/ml and 12.1 ng/ml) and, in the latter 
case, all of the epoxysterol could be ascribed to autoxida- 
tion during the processing of the sample (Table 3). It 
should be noted that in analyses of a serum sample pro- 
cessed using standard sterol isolation conditions, a much 
higher level (137 ng/ml) was observed, all of which could 
be ascribed to autoxidation of cholesterol arising during 
the processing of the sample. Moreover, in the same 
sample analysis, an even higher level of the 5/3,6/3-epoxy- 
cholesterol was observed (376 ng/ml), all of which could 
be ascribed to autoxidation during sample processing. It 
is also noteworthy that little (1.7 ng/ml) or no (<2.5 
ng/ml) cholestane-3/3,5a,6/3-triol, a known metabolite of 
5~~,6a-epoxy-cholestan-3/3-ol and 5/3,6/3-epoxy-cholestan- 
36-01 (41, 58, 59), was detected in plasma in the present 
study. In the former case, all of the triol detected could, 
on the basis of its 14C content, be attributed to autoxida- 
tion of cholesterol during the processing of the sample. 
Bjorkhem et al. (56) have reported that the levels of 
unesterified cholestane-3/3,5a,6/3-triol in serum were near 
or below the detection limit (10 ng/ml) under the condi- 
tions used. 

Smith et al. (48) studied the sterol moieties of the ester 
fraction of oxygenated sterols of fresh and aged plasma 
samples. Methodology included lipid extraction, silica gel 

L as determined by analysis of their acetate derivatives 

Concentration 

Component 

Experiment A Experiment B 

Net 14C" Net Total "C' Total 

v_ (A5-38,26-diol) 
E (A5-3j3,24-diol) 

I_x (A5-38, 78-diol) 
z (A5-3j3-ol-7-one) 
E (58,68-epoxy-A0-38-ol) 
VI1 (5a,6a-epoxy-A0-3f3-ol) 
X& (Ao-38, 5a ,68-triol) 
111 (A5-3/3,22-diol) 
XI1 (A5-3@,25-diol) 
x_ (A5-3/3,20a-diol) xv (A5-3j3,21 -diol) 
XIV (A5-3p, 19-diol) 

VLI (A5-30, 7a-diol) 

0.158 
0.074 
0.017 
0.009 
0.016 
0.018 
0.006 

C0.006 
<0.003 
C0.008 
<0.005 
<0.004 
<0.003 

<0.001 
co .001  

0.007 
0.007 
0.009 
0.012 

n.d.' 
n.d 
n.d. 
n.d. 
n.d. 
n.d 
n.d. 

nmoUml 

0.158 
0.074 
0.010 
0.002 
0.007 
0.006 
0.006 

<0.006 
C0.003 
C0.008 
<0.005 
<0.004 
c0 .003  

0.252 
0.110 
0.047 
0.007 
0.010 
0.079 
0.030 
0.004 

<0.002 
<0.001 
<0.002 
<0.003 
<0.003 

0.006 
0.003 
0.004 
0.007 
0.009 
0.112 
0.030 
0.004 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

0.246 
0.107 
0.043 
0.000 
0.001 
0.000 
O.OO0 
O.OO0 

<0.002 
co.001 
co.002 
<0.003 
<0.003 

'Concentration of sterol arising from autoxidation of cholesterol as estimated from "C after addition of [ 14C]cholesterol to plasma prior to any 

'No radioactivity detected. 
processing of the sample. 
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column chromatography, saponification of the steryl es- 
ters, HPLC of the free sterols, and chemical ionization 
MS. The levels of the following oxygenated sterols were 
reported for fresh and aged samples of plasma: cholest-5- 
ene-3@,26-diol (106 ng/ml and undetected), cholest-5- 
ene-3/3,25-diol (5 ng/ml and 20 ng/ml), cholest-5-ene-3/3, 
24-diol (7 ng/ml and undetected), cholest-5-ene-3j3,7a- 
diol (19 ng/ml and 800 nglml), cholest-5-ene-3/3,7/3-diol 
(11 ng/ml and 1000 ng/ml), and 30-hydroxy-cholest-5-en- 
7-one (6 ng/ml and 500 ng/ml). 

Javitt et al. (47, 52) reported the presence of cholest- 
5-ene-3/3,26-diol in human serum. Methodology included 
saponification, chromatography on a Glycophase G col- 
umn, and GLC-MS or GLC-mass fragmentography of 
the di-TMS derivative. Levels of total 26-hydroxycholes- 
terol in serum in 8 normal individuals varied from 92 to 
286 ng/ml(52). In 3 individuals, - 30 % of the sterol was 
in the unesterified form. In a study (47) by the same in- 
vestigators, the levels of total 26-hydroxycholesterol in 6 
normal individuals varied from 43 to 130 ng/ml. As noted 
above, Smith et al. (48) reported the presence (106 ng/ml) 
of cholest-5-ene-3/3,26-diol in the ester fraction of oxy- 
genated sterols of fresh plasma. The 3/3,26-diol was not 
detected in an aged sample of plasma, a finding for which 
an explanation was not provided. Koopman et al. (54) 
also studied the levels of cholest-5-ene-3/3,26-diol in 
serum samples from 40 normal subjects. Methodology in- 
cluded saponification, reversed phase HPLC to isolate the 
polar sterols, and capillary GLC of the TMS derivative. 
Observed values ranged from 30 to 129 ng/ml. In the pre- 
sent study, the levels of 26-hydroxycholesterol observed in 
plasma were 64 and 101 ng/ml. Essentially none of this 
material could be ascribed to autoxidation of cholesterol 
during the processing of the sample. Similar levels (116 
and 88 ng/ml) were observed in two preliminary indepen- 
dent experiments in which the rigorous conditions to 
suppress autoxidation utilized in this study were not 
maintained. Even in these cases only 5 ’% and 0.5 5% of the 
26-hydroxycholesterol could, on the basis of ‘*C content, 
be attributed to autoxidation of cholesterol during the 
processing of the sample. Thus, the results of five studies 
in four laboratories have indicated the presence of sub- 
stantial amounts of cholest-5-ene-3P,26-diol in plasma (or 
serum) from human subjects. 

Smith et al. (48) reported the presence of cholest-5- 
ene-3/3,25-diol in the ester fraction in fresh (5 ng/ml) and 
aged (20 ng/ml) samples of human plasma. In the present 
study, 25-hydroxycholesterol was not detected in plasma 
samples of two human subjects (with limits of detection of 
less than 3.2 and 0.4 ng/ml in the two cases). In the course 
of their studies of the levels of 26-hydroxycholesterol in 
plasma, Javitt et al. (47) and Koopman et al. (54) also 
noted the absence of detectable 25-hydroxycholesterol in 
serum. Kou and Holmes (60) were unable to detect (< 10 
ng/ml) 25-hydroxycholesterol in normal rat plasma. 

In the present study, cholest-5-ene-3P,24-diol was 
observed at levels of 30 and 44 ng/ml. Essentially none of 
this material could be ascribed to autoxidation of choles- 
terol during the processing of the sample. Similar levels 
(47 and 43 ng/ml) were observed in two preliminary inde- 
pendent experiments in which the rigorous conditions to 
suppress autoxidation used in this study were not main- 
tained. Even in these cases, very little (5.1 % and 1.9 %) of 
this material could be ascribed to autoxidation of choles- 
terol during the processing of the sample. The 24- 
hydroxycholesterol observed in plasma was shown to 
correspond almost exclusively to the 24s-epimer. As 
noted above, Smith et al. (48) reported the presence of 24- 
hydroxycholesterol (7 ng/ml) in the ester fraction of oxy- 
genated sterols of fresh plasma. 

Cholest-5-ene-3P,7aI-diol is both a known product of 
the autoxidation of cholesterol (5-7) and an intermediate 
in the overall enzymatic conversion of cholesterol to a 
number of major bile acids (61). Smith et al. (48) reported 
the occurrence of 7a-hydroxycholesterol in the ester frac- 
tion of oxygenated sterols of human plasma. Markedly 
different levels were reported for fresh plasma (19 ng/ml) 
and aged plasma (800 ng/ml). Cholest-5-ene-3P,7P-diol is 
a known product of the autoxidation of cholesterol (5-7). 
Smith et al. (48) reported levels of 7/3-hydroxycholesterol 
of 11 ng/ml in the ester fraction of oxygenated sterols of 
fresh plasma and 1000 ng/ml in aged plasma. Bjorkhem 
et al. (53) reported a mean serum level of 23 * 4 (SEM) 
ng/ml for unesterified 7a-hydroxycholesterol in eight 
healthy subjects. Methodology involved extraction, TLC, 
and GLC-mass fragmentography of the di-TMS 
derivative. The authors reported that, in most analyses, 
the levels of 7a-hydroxycholesterol were 2 to 4 times 
higher than that of 70-hydroxycholesterol. In contrast to 
the results of Smith et al. (48), evidence was presented “in- 
dicating that no significant part of 7a-hydroxycholesterol 
in serum is esterified under normal conditions.” The levels 
of unesterified 7a-hydroxycholesterol in serum were 
reported to increase after administration of cholestyra- 
mine or after removal of portions of the terminal portion 
of the ileum (53). Bjorkhem et al. (53) also observed a 
sigificant correlation between the levels of 7a-hydroxy- 
cholesterol in serum and the levels of cholesterol 7a-hy- 
droxylase in liver. Koopman et al. (54) reported that the 
levels of 7a-hydroxycholesterol and 7/3-hydroxycholesterol 
in the sera of 40 healthy individuals ranged from 20 to 165 
ng/ml and from 12 to 265 ng/ml, respectively. Methodol- 
ogy involved saponification, extraction of nonsaponifiable 
lipids followed by reversed phase HPLC to remove 
cholesterol, and capillary GLC of the di-TMS derivatives. 
In the present study, the observed levels of 7a-hydroxy- 
cholesterol and 7P-hydroxycholestero1 were much lower. 
After correction for autoxidation of cholesterol during 
processing of the samples, the observed levels of the A5- 
30,7a-diol were 4 ng/ml and 17 ng/ml. Essentially all of 
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the 7~-hydroxycholestero1 detected could be ascribed to 
autoxidation during processing of the sample. 

Smith et al. (48) reported the presence of 3P-hydroxy- 
cholest-5-en-7-one in the ester fraction of oxygenated 
sterols of plasma, with values of 6 ng/ml and 500 ng/ml 
for fresh and aged plasma, respectively. Bjorkhem (57) 
reported levels of 60, 41, 31, and 24 ng/ml of unesterified 
7-ketocholesterol in fresh plasma. Methodology involved 
extraction and GLC-mass fragmentography of the TMS 
derivative. In the present study, levels of total 7-ketocho- 
lesterol in plasma were very low (<3 ng/ml after correc- 
tion for the amounts attributable to autoxidation of the 
cholesterol during sample processing). However, it should 
be noted that 7-ketocholesterol is unstable under condi- 
tions of alkaline hydrolysis (42-44 and as described 
herein) and therefore our method, as described above, 
should not be applied to the determination of this com- 
pound in plasma. Since the studies of Smith et al. (48) in- 
volved alkaline hydrolysis of the esters of oxygenated 
sterols in plasma, their results presented above should be 
evaluated within this context. 

In the present study we were unable to detect the pres- 
ence of a number of other oxygenated sterols in plasma. 
These include cholest-5-ene-3/3,19-diol, cholest-5-ene- 
3@,20a-diol, (20S)-cholest-5-ene-3@,21-diol, and (22R)- 
cholest-5-ene-3@,22-diol, 24,25-epoxy-cholest-5-en-3/3-ol, 
and 24,25-epoxy-lanost-8-en-3/3-ol. 

The approach presented here for the analysis of oxy- 
genated sterols in plasma involves careful exclusion of 
oxygen during saponification and subsequent extraction 
of the NSL to provide for the suppression of autoxidation 
of cholesterol of plasma during these steps and permits 
analysis of total oxygenated sterol (free plus esterified). 
This feature is of importance since, at least in some cases, 
a very substantial portion of the individual oxygenated 
sterols in plasma appears to be esterified to fatty acids. 
The approach presented here also provides for the detec- 
tion and estimation of the amounts of a given oxygenated 
sterol formed by autoxidation of cholesterol during pro- 
cessing of the sample. Another positive feature of this ap- 
proach is the capacity to simultaneously assay a large 
number of oxygenated sterols. The methodology, as 
described herein, is not applicable to the case of 7- 
ketocholesterol due to its lability under the conditions of 
alkaline hydrolysis of the steryl esters. Another limitation 
is the requirement for [l*C]cholesterol of very high purity. 
Despite these limitations, the approach permits the simul- 
taneous determination of a large number of oxygenated 
sterols with the critical provision of estimation of the 
amounts of a given oxygenated sterol formed artifactually 
during sample processing. 

The results of this study indicate the presence of signifi- 
cant amounts of cholest-5-ene-3P,26-diol and (24s)-cho- 
lest-5-ene-3@,24-dio1 in plasma samples from human 
subjects and that these sterols did not arise artifactually 

by autoxidation of cholesterol during the processing of the 
plasma samples. These compounds, identified by the 
radiochemical methodology described herein, were also 
detected by capillary GLC and capillary GLC-MS. The 
stereochemistry at C-25 of the 3P,26-dihydroxysterol was 
not studied in the present study It is important to note 
that (24RS)-cholest-5-ene-3@,24-diol (62), (25R)-cholest- 
5-ene-3@,26-diol (63, 64), and (25S)-cholest-5-ene-3/3,26- 
diol (64) have been shown to be highly active in the sup- 
pression of the levels of HMG-CoA reductase activity in 
cultured mammalian cells. The (24RS)-A5-3B,24-diol 
caused a 50 % inhibition of HMG-CoA reductase activity 
in mouse L cells at 0.3 pM (62) and the 25R and 25s 
epimers of the A5-3@-26-diol caused a comparable lower- 
ing of HMG-CoA reductase activity at 0.26 pM and 0.16 
PM, respectively in the L cells (64). The (25R) epimer of 
the A5-3P,26-diol, at 0.25 pM, caused a 40% lowering of 
HMG-CoA reductase activity in Chinese hamster ovary 
cells (63). The results of the present study and of previous 
studies of others (47, 48, 52, 54) indicate that the levels of 
the A5-3P,26-diol in plasma (or serum) are comparable to 
those shown to cause a substantial reduction in the levels 
of HMG-GOA reductase activity in cultured cells. 819 

These studies were supported by grants from the National Insti- 
tutes of Health (HL-15376 and HL-34111) and the Robert A. 
Welch Foundation (C-583). The support of the Ralph and 
Dorothy Looney Fund is also gratefully acknowledged. We also 
wish to thank Dr. E F. Knapp, J .  for his help in initial phases 
of this work. 
Manuscript received 27 Dccembn 1988 and in revised form 3 February 1989. 

REFERENCES 

1. Kandutsch, A. A., and H. W. Chen. 1973. Inhibition of 
sterol synthesis in cultured mouse cells by 7a-hydroxycho- 
lesterol, 7~-hydroxycholestero1, and 7-ketocholesterol. J.  
Bid C h .  248: 8408-8417. 

2. Kandutsch, A. A., H. W. Chen, and H-J. Heiniger. 1978. 
Biological activity of some oxygenated sterols. Science. 201: 

3.  Schroepfer, G. J., J .  1981. Sterol biosynthesis. Annu. Reu. 

4. Kandutsch, A. A. 1986. ApoB-dependent and -independent 
cellular cholesterol homeostasis. In Biochemistry and 
Biology of Lipoproteins. A. M. Scanu and A. A. Spector, 
editors. Marcel Decker, Inc. New York. 281-300. 

5. Bergstrom, B., and B. Samuelsson. 1961. The autoxidation 
of cholesterol. In Autoxidation and Antioxidants. Vol. 1. 
W. 0. Lundberg, editor. John Wiley and Sons, New York. 

6. Smith, L. L. 1977. Cholesterol Autoxidation. Plenum 
Press, New York, NY. 

7 .  Smith, L. L. 1987. Cholesterol autoxidation 1981-1986. 
Chem. Phys. L$ih 44: 87-125. 

8. Lee, W-H., R. Kammereck, B. N. Lutsky, J. A. McCloskey, 
and G. J. Schroepfer, J .  1969. Studies on the mechanism 
of the enzymatic conversion of A8-cholesten-3&ol to A’- 
cholesten-3&01. J.  Biol. Chem. 244: 2033-2040. 

498-501. 

B i o c h .  50: 585-621. 

233-248. 

Kudo d al. Inhibitors of sterol synthesis 1109 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


9. Lee, W-H., B. N. Lutsky, and G. J. Schroepfer, Jr. 1969. 
5a-Cholest-8(14)-en-30-01, a possible intermediate in the 
biosynthesis of cholesterol. Enzymatic conversion to 
cholesterol and isolation from rat skin. ./. Biol. Chem. 244: 

Lutsky, B. N., and G. J. Schroepfer, Jr. 1970. Studies on the 
enzymatic conversion of 5a-cholest-8,14-dien-3@-ol to 
cholesterol. J.  Biol. Chem. 245: 6449-6455. 
Lutsky, B. N., J. A. Martin, and G. J. Schroepfer, Jr. 1971. 
Studies of the metabolism of 5a-cholesta-8,14-dien-3@-01 
and 5a-cholesta-7,14-dien-3@-01 in rat liver homogenate 
preparations. J.  Biol. Chem. 246: 6737-6744. 

12. Schroepfer, G. J., Jr., B. N. Lutsky, J. A. Martin, S. Hun- 
toon, B. Fourcans, W-H. Lee, and J. Vermilion. 1972. Re- 
cent investigations on the nature of sterol intermediates in 
the biosynthesis of cholesterol. Proc. R .  SOC. London Ser. B. 

13. Huntoon, S., B. Fourcans, B. N. Lutsky, E. J. Parish, H. 
Emery, F. E Knapp, Jr., and G. J. Schroepfer, Jr. 1978. 
Sterol synthesis. Chemical syntheses, spectral properties 
and metabolism of 5a-cholest-8(14)-en-3@,15-@-diol and 
5a-cholest-8(14)-en-3@,15a-diol. J.  Biol. Chem. 253: 775-782. 
Chan, J. T., T. E. Spike, S. T. Trowbridge, and G. J. 
Schroepfer, Jr. 1979. Sterol synthesis: studies of the metabo- 
lism of 14a-methyl-5a-cholest-7-en-3@-ol. J.  Lipid Res. 20: 

15. Monger, D. J., E. J. Parish, and G. J. Schroepfer, Jr. 1980. 
15-Oxygenated sterols. Enzymatic conversion of [2,4-3H]5a- 
cholest-8(14)-en-30-ol-15-one to cholesterol in rat liver 
homogenate preparations. J.  Biol. Chem. 255: 11122-11129. 

16. Monger, D. J., and G. J. Schroepfer, Jr. 1988. Inhibitors of 
cholesterol biosynthesis. Further studies of the metabolism 
of 5a-cholest-8(14)-en-3@-ol-15-one in rat liver homogenate 
preparations. Chem. Phys. Lipids. 47: 21-46. 
Thowsen, J. R., and G. J. Schroepfer, Jr. 1979. Sterol syn- 
thesis. High-pressure liquid chromatography of c,, sterol 
precursors of cholesterol. J.  Lipid Res. 20: 681-685. 

18. Pascal, R. A. Jr., C. L. Farris, and G. J. Schroepfer, Jr. 
1980. Sterol synthesis: medium-pressure chromatography 
of C,, sterol precursors of cholesterol on alumina-silver 
nitrate columns. Anal. Biochem. 101: 15-22. 

19. Pascal, R. A,, Jr., and G. J. Schroepfer, Jr. 1980. 15- 
Oxygenated sterols with the unnatural cir-C-D ring junc- 
tion. Studies of the metabolism of 5a,l4@-cholest-7-ene- 
3@,15a-diol and 5a,14@-cholest-7-ene-3P,158-diol. J Bioi. 
Chem. 255: 3565-3570. 

20. Taylor, U. F., A. Kisic, R. A. Pascal, Jr., A. Izumi, M. 
Tsuda, and G. J. Schroepfer, Jr. 1981. Sterol synthesis: a 
simple method for the isolation of zymosterol (5a-cholest- 
8,24-dien-3@-01) from yeast and spectral properties of 
zymosterol. J.  Lipid Res. 22: 171-177. 
Miller, L. R., R. A. Pascal, Jr., and G. J. Schroepfer, Jr. 
1981. Inhibitors of sterol synthesis. Differential effects of 
14a-hydroxymethyl-5a-cholest-7-ene-3~,15a-diol and 14a- 
hydroxymethyl-5a-cholest-6-ene-3@,15a-diol on sterol syn- 
thesis in cell-free homogenates of rat liver. J.  Biol. Chem. 

22. Pinkerton, F. D., A. Izumi, C. M. Anderson, L. R. Miller, 
A. Kisic, and G. J. Schroepfer, Jr. 1982. 14a-Ethyl-5a- 
cholest-7-ene-3~,15a-diol, a potent inhibitor of sterol bio- 
synthesis, has two sites of action in cultured mammalian 
cells. J Biol. Chem. 257: 1929-1936. 

23. St. Pyrek, J., W. K. Wilson, and G. J. Schroepfer, Jr. 1987. 
Inhibitors of sterol synthesis. Spectral characterization of 
derivatives of 5a-cholest-8(14)-en-3/3-ol-15-one. J. Lipid Res. 
28: 1296-1307. 

5440-5448. 
10. 

11. 

180: 125-146. 

14. 

1007-1019. 

17. 

21. 

256: 8085-8091. 

24. Abell, L. L., B. B. Levy, B. B. Brodie, and F. E. Kendall. 
1952. Simplified method for the estimation of total choles- 
terol in serum and demonstration of its specificity. J Biol. 

25. Knapp, F. F., Jr. and G. J. Schroepfer, Jr. 1975. Chemical 
synthesis, spectral properties and chromatography of 
4a-methyl and 40-methyl isomers of (24R)-24-ethyl-cho- 
lestan-3/3-01 and (24S)-24-ethyl-cholesta-5,22-dien-3@-01. 
Stmidr. 26: 339-357. 

26. Paliokas, A. M., and G. J. Schroepfer, Jr. 1968. Stereospeci- 
ficity in the enzymatic conversion of A7-cholesten-3@-ol to 
7-dehydrocholesterol. J. Biol. Chem. 243: 453-464. 

27. Fieser, L. F. 1953. Cholesterol and companions. 111. 
Cholesterol, lathosterol, and ketone 104. J.  Am. Chem. SOC. 

28. Bruce, W. F., and J. 0. Ralls. 1943. Dihydrocholesterol. 

29. Morand, P., and A. Van Tongerloo. 1973. 19-Hydroxy 
steroids. VI. Approaches to the synthesis of 7,lg-disub- 
stituted androgens. Steroids. 21: 65-85. 

30. Lythgoe, B. and S. Trippett. 1959. Allylic rearrangement of 
an a,@-unsaturated hydroperoxide. J.  Chem. SOC. 471-472. 

31. Smith, L. L., and J. C. Price. 1967. Detection of 7- 
ketocholesterol in oxidized sterol preparations. J Chroma- 

32. Ruzicka, L., V. Prelog, and E. Tagman. 1944. Steroide and 
Sexualhormone. Uber die Epimerisierung der beiden 
7-Oxy-cholesterin-diacetate am Kohlenstoffatom 7. Hela 
Chim. Acta. 27: 1149-1153. 

33. Fieser, L. F., and M. Fieser. 1959. Steroids. Reinhold Pub- 
lishing Co., Washington, DC. 197. 

34. Mihailovic, M. L., L. Lorenc, and V. Pavlovic. 1977. A 
convenient synthesis of l a -  and la-hydroxycholesterol. 
Tetrahedron. 33: 441 -444. 

35. Takashita, T., S. Ishimoto, and N. Ikekawa. 1976. Prepara- 
tion of desmosterol from fucosterol. Chem. P h a n .  Bull. 24: 

36. Emmons, G. T., W. K. Wilson, and G. J. Schroepfer, Jr. 
1989. 24,25-Epoxysterols. Differentiation of 24R and 24s 
epimers by I3C nuclear magnetic resonance spectroscopy. J.  
Lipid Res. 30: 133-138. 

37. Boar, R. B., D. A. Lewis, and J. F. McGhie. 1972. Epoxides 
of lanosterol and some related compounds. J.  Chem. SOC. 
Perkin Trans. I .  2231-2235. 

38. Panini, S. R., R. C. Sexton, A. K. Gupta, E. J. Parish, S. 
Chitrakorn, and H. Rudney. 1986. Regulation of 3-hy- 
droxy-3-methylglutaryl coenzyme A reductase activity and 
cholesterol biosynthesis by oxylanosterols. J.  Lipid Res. 27: 

39. Wicha, J., and K. Bal. 1978. Synthesis of Pl-hydroxycho- 
lesterol and 25-hydroxycholesterol from 30-hydroxy-an- 
drost-5-en-17-one. A method for the stereospecific construc- 
tion of sterol side-chains. J.  Chem. SOC. Perkin Trans. 

40. Salmond, W. G., M. A. Barta, and J. L. Havens. 1978. 
Allylic oxidation with 3,5-dimethylpyrazole chromium 
trioxide complex. Steroidal A5-7-ketones. J. Or5 Chem. 43: 

Aringer, L., and P. Eneroth. 1974. Formation and metabo- 
lism in vitro of 5,6-epoxides of cholesterol and @-sitosterol. 
J.  Lipid Res. 15: 389-398. 
Bergstrom, S., and 0. Wintersteiner. 1942. Autoxidation of 
sterols in colloidal aqueous solution. 111. Quantitative stud- 
ies on cholesterol. J Bioi. Chem. 145: 309-326. 

43. Chicoye, E., W. D. Powrie, and 0. Fennema. 1968. Isola- 
tion and characterization of cholesterol-5@,6@-oxide from 

Chem. 195: 357-366. 

75: 5421-5422. 

O T ~ .  Synth. Coll. Vol. 11: 191-193. 

togr 26: 509-511. 

1928-1931. 

1190-1204. 

1.1282-1288. 

2057- 2059. 
41. 

42. 

1110 Journal of Lipid Research Volume 30, 1989 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

an aerated aqueous dispersion of cholesterol. Lipid.  3: 
335-339. 
Maerker, G., and J. Unruh, Jr. 1986. Cholesterol oxides. I. 
Isolation and determination of some cholesterol oxidation 
products. J.  Am. Oil Chem. SOC. 63: 767-771. 
Smith, L. L., W. S. Matthews, J. C. Price, R. C. Bachman, 
and B. Reynolds. 1967. Thin-layer chromatographic ex- 
amination of cholesterol autoxidation. J. Chromatogz 27: 

Aringer, L., and L. Nordstrom. 1981. Chromatographic 
properties and mass spectrometric fragmentation of dioxy- 
genated C,,-, C,,-, and C,,-steroids. Biomed. Mass. Spectrom. 

Javitt, N. B., E. Kok, B. Cohen, and S. Burstein. 1982. 
Cerebrotendinous xanthomatosis: reduced serum 26- 
hydroxycholesterol. J. Lipid Res. 23: 627-630. 
Smith, L. L., J. I. Teng, Y. Y. Lin, P. K. Seitz, and M. F. 
McGehee. 1981. Sterol metabolism. XLVII. Oxidized 
cholesterol esters in human tissues. J.  Steroid Biochem. 14: 

Saucier, S. E., A. A. Kandutsch, F. R. Taylor, T. A. 
Spencer, S. Phirwa, and A. K. Gayen. 1985. Identification 
of regulatory oxysterols, 24(S),25-epoxycholesterol and 25- 
hydroxycholesterol in cultured fibroblasts. J.  Biol. Chem. 

Gray, M. F., T. D. V. Lawrie, and C. J. W. Brooks. 1971. 
Isolation and identification of cholesterol a-oxide and other 
minor sterols in serum. Lifiidr. 6: 836-843. 
Assmann, G., D. S. Fredrickson, H. R. Sloan, H. M. Fales, 
and R. J. Highet. 1975. Accumulation of oxygenated steryl 
esters in Wolman’s disease. J.  Lipid Res. 16: 28-38. 
Javitt, N. B., E. Kok, S. Burstein, B. Cohen, and J. 
Kutscher. 1981. 26-Hydroxycholestero1. Identification and 
quantitation in human serum. J.  Biol. Chem. 256: 
12644- 12646. 
Bjorkhem, I., E. Reihntr, B. Angelin, S. Ewerth, J-E. 
Akerlund, and K. Einarsson. 1987. On the possible use of 
the serum level of 7a-hydroxycholesterol as a marker for in- 
creased activity of the cholesterol 7a-hydroxylase in 
humans. J Lipid Res. 28: 889-894. 
Koopman, B. J., J. C. Van Der Molen, B. G. Wolthers, and 
J. B. Vanderpas. 1987. Determination of some hydroxy- 
cholesterols in human serum samples. J.  Chmmatogr: 416: 

187-205. 

8: 183-203. 

889-900. 

260: 14571 -14579. 

1-13. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

Brooks, C. J. W., W. J. Cole, T. D. V. Lawie, J. 
MacLachlan, J. H. Borthwick, and G. M. Barrett. 1983. 
Selective reactions in the analytical characterization of 
steroids by gas chromatography-mass spectrometry. J. 
Steroid Biochem. 19: 189-201. 
Bjorkhem, I., 0. Breuer, B. Angelin, and S-k. Wikstrom. 
1988. Assay of unesterified cholesterol-5,6-epoxide in 
human serum by isotope dilution mass spectrometry. Levels 
in the healthy state and in hyperlipoproteinemia. J.  Lipid 
Res. 29: 1031-1038. 
Bjorkhem, I. 1986. Assay of unesterified 7-oxocholesterol in 
human serum by isotope dilution-mass spectrometry. Anal. 
Biochem. 154: 497-501. 

Watabe, T., M. Kanai, M. Isobe, and N. Ozawa. 1980. 
Cholesterol a- and @-epoxides as obligatory intermediates 
in the hepatic microsomal metabolism of cholesterol to 
cholestanetriol. Biochim. Biophys. Acta. 619: 414-419. 

Watabe, T., M. Kanai, M. Isobe, and N. Ozawa. 1981. The 
hepatic microsomal biotransformation of A 5-steroids to 
5cr,6@-glycols via a- and 0-epoxides. J.  Biol. Chem. 256: 
2900- 2907. 
Kou, I-L., and R. P. Holmes. 1985. The analysis of 25- 
hydroxycholesterol in plasma and cholesterol-containing 
foods by high performance liquid chromatography. J.  Chro- 
matogr. 3 3 0  339-346. 
Bjorkhem, I. 1985. Mechanism of bile acid biosynthesis in 
mammalian liver. In Sterols and Bile Acids. H. Danielsson 
and J. Sjovall, editors. Elsevier, New York. 231-278. 

Kandutsch, A. A., and H. W. Chen. 1976. Effects of 
cholesterol derivatives on sterol biosynthesis. In 
Atherosclerosis Drug Discovery. Plenum Publishing Cor- 
poration, New York. 405-417. 
Esterman, A. L., H. Baum, N. B. Javitt, and G. J. Darling- 
ton. 1983. 26-Hydroxycholestero1. Regulation of hydroxy- 
methylglutaryl-CoA reductase activity in Chinese hamster 
ovary cell culture. J.  Lipid Res. 24: 1304-1309. 
Taylor, F. R., S. E. Saucier, E. P. Shown, E. J. Parish, and 
A. A. Kandutsch. 1984. Correlation between oxysterol 
binding to a cytosolic binding protein and potency in the 
repression of hydroxymethylglutaryl coenzyme A reduc- 
tase. J. Biol. Chem. 259: 12382-12387. 

Kudo et al. Inhibitors of sterol synthesis 1111 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

