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Abstract Incubation of 14- 'C] cholesteryl palmitate with the 
12,000 g supernatant fraction of adult rat brain fortified with an 
NADPH-generating system and /3-mercaptoethylamine resulted 
in formation (2-5%) of more polar metabolites characterized as 
a mixture of cholesterol-5,6-epoxides. Under extended incuba- 
tion conditions, cholestane-3/3,5a,6/3-triol was isolated as the 
major end product of the incubations. Free [4- 4C]chole~ter~I 
incubated under similar conditions was not oxidized, whereas 
oxidation of [4- * 4C]chole~teryl palmitate appeared to be depen- 
dent upon hydrolysis of the ester by the rat brain microsomal 
subcellular fraction. Elimination of the NADPH-generating sys- 
tem or the addition of EDTA to the incubation mixture inhibit- 
ed epoxide formation, suggesting that the products are derived 
from an NADPH-dependent enzymatic lipoperoxidation mecha- 
nism. The in vitro conversion of [4- 'C] cholesterol-5a,6a-epox- 
ide to cholestane-3/3,5a,6/3-triol was also demonstrated in rat 
brain subcellular fractions in the absence of added cofactors. 

Supplementary key words brain cholesterol . cholesterol oxidation 

Although cholesterol is the major sterol of the central 
nervous system, a number of minor neutral sterols have 
been detected in brain tissue (1, 2). Because of the well- 
established capacity of cholesterol to undergo autoxidation 
(3, 4), especially during isolation procedures, and because 
brain contains such a high concentration of cholesterol, it 
has generally been assumed that these minor sterols are 
artifacts produced during the purification of brain choles- 
terol. However, recent studies from other laboratories 
have suggested that trace sterols such as 7-ketocholesterol, 
7a -  and 7@-hydroxycholesterol, and cholestane-3@,5a,6@- 
triol are the direct result of microsomal NADPH-depen- 
dent enzymatic lipid peroxidation (5, 6 ) ,  at least in liver. 

A program has been initiated to ascertain whether or 
not cholesterol is converted to other products during the 
course of the turnover of this sterol in the central nervous 
system (7). That some degree of turnover does occur in 
brain has been established in several laboratories (8, 9). 
For the present, our approach to this general problem has 

been to determine what products can be produced in vitro 
by brain tissue preparations. We feel that these studies 
may be of more than academic interest because some 
minor steroids have now been found associated with cer- 
tain diseases involving the brain. For example, it has been 
reported that a small percentage of sterols (0.39%) in 
normal brain tissue compared with a larger percentage 
(2.90%) in brain tumors is represented in part by uniden- 
tified oxygenated products of cholesterol catabolism (10). 
Cholestanol, normally a minor sterol accompanying cho- 
lesterol in most tissues, accumulates in the brain in the 
disease cerebrotendinous xanthomatosis (1 1, 12). In addi- 
tion, some monohydroxy bile acids have been detected in 
the brains of guinea pigs afflicted with experimental aller- 
gic encephalomyelitis (13) and in multiple sclerosis brain 
tissue (14). It seemed of import, therefore, that efforts be 
made to determine the extent, if any, to which brain tissue 
can catabolize as well as synthesize cholesterol. 

During the course of the present investigation, a wide 
variety of experiments gave negative results when attempts 
were made to isolate products of cholesterol metabolism 
when appropriate antioxidants and the free sterol were in- 
cubated with brain preparations. Unexpectedly, incuba- 
tion of [4-14C]chole~teryl palmitate, used to minimize 
formation of cholesterol autoxidation products (1 5, 16), 
produced cholesterol-5a,6a-epoxide (I, Fig. l ) ,  which was 
hydrolyzed on longer incubation periods to cholestane- 
3@,5a,b@-triol (11, Fig. 1). 

MATERIALS AND METHODS 

Steroids and cofactors 
[4- 4 C ] C h o l e ~ t e r ~ l  was obtained from New England 

Nuclear (Boston, Mass.) and had a specific activity of 154 

Abbreviations: TLC,  thin-layer chromatography; GLC, gas-liquid 

1 This work represents part of the requirements for the Degree of 
chromatography; RRT, relative retention time. 
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pCi/mg. [4-l 4C]Chole~teryl palmitate was prepared by 
microscale synthesis from [4- cholesterol, which was 
initially purified by preparative TLC, using palmitylchlo- 
ride-pyridine according to the method of Deykin and 
Goodman (17). The ester was purified by repeated TLC. 
It was shown to be homogeneous by T L C  and GLC after 
mild alkaline hydrolysis under nitrogen in a sealed vial 
containing 2 mg of unlabeled cholesteryl palmitate as a 
carrier, 2 mg of B H T  (butylated hydroxytoluene), and 3.0 
ml of 5% KOH in ethanol. 

[ 4- Cholesterol-5a,6a-epoxide was synthesized 
from labeled [4- 4C] cholesterol and m-chloroperbenzoic 
acid (Eastman Kodak) employing a microscale procedure 
(1 8). The radioactive epoxide was purified by preparative 
TLC. Homogeneity of the pure compounds was verified 
using GLC combined with a radioactivity monitoring sys- 
tem. 

Unlabeled steroids required for isotope dilution experi- 
ments were prepared by synthesis and purified by recrys- 
tallization. Cholesterol-5a,6a-epoxide (mp 142°C) was 
prepared by a macroscale adaptation of the procedure de- 
scribed for preparation of the radioactive compound (18). 
Cholesterol-5fl,6p-epoxide (mp 131°C) was synthesized 
from cholestane-3&5a,bp-triol triacetate by the method of 
Davis and Petrow (1 9). Cholestane-3fl,5a,6B-triol (mp 
232°C) was synthesized by the method of Fieser and 
Rajagopalan . (20). Triphosphopyridine nucleotide cofac- 
tors (NADP+), D-glucose-6-phosphate, ethylenediamine- 
tetraacetic acid (EDTA), and 0-mercaptoethylamine were 
purchased from Sigma Chemical Co. (St. Louis, Mo.). 

Tissue preparations 
Adult 250-g rats (Wistar-derived strain, National Lab- 

oratories, St. Louis, Mo.) of either sex were killed by de- 
capitation under light ether anesthesia. The brains were 
removed immediately and freed of blood and meninges. 
All subsequent operations were carried out at 4°C. The 
brain tissue was homogenized in modified Bucher's phos- 
phate medium (21), p H  7.4, using an all-glass homoge- 
nizer with a loose-fitting Teflon pestle. After four plunges, 
the 30% homogenate was centrifuged at 1000 g for 10 
min to remove cellular debris. The 1000 g cell-free frac- 
tion, the crude mitochondrial fraction, the microsomal 
fraction, and the 105,000 g supernatant fraction of adult 
rat brain were prepared by methods previously developed 
in this laboratory (22). Each fraction contained 10-20 mg 
of protein and 1.5-2 mg of cholesterol. 

Incubation conditions 
Each incubation mixture contained 3.5 ml of cell-free 

homogenate or the subcellular fraction equivalent of one 
adult rat brain. The radioactive substrate dissolved in 50 
p1 of acetone was added with the aid of a micropipette at 
the start of the incubation. The cofactor solution in 1.0 ml 
of phosphate buffer contained an NADPH-generating sys- 

I. Cholesterol-so,6~-epoxide 11. Cholestane-3P.Sil .ap-triol  

Fig. 1. 

tem consisting of glucose-6-phosphate (60 pmoles) and 
NADP (6 pmoles), plus 10 mM 8-mercaptoethylamine as 
an antioxidant. Incubations were carried out under nor- 
mal atmospheric conditions at 37°C in 50-ml Erlenmeyer 
flasks. Heat-treated controls were prepared by heating the 
incubation protein mixtures on a steam bath for 20 min. 
Streptomycin sulfate (2 mg) and penicillin G salt (12,000 
units) were included in incubations exceeding the 90-min 
time period. 

The incubation was terminated by the addition of 20 ml 
of methanol, and the precipitate was removed by centrifu- 
gation. The aqueous methanolic supernate was extracted 
with a mixture of 2 vol of chloroform and 0.1 vol of 0.1 % 
potassium chloride solution, and the mixture was allowed 
to partition overnight in the cold room. The lower chloro- 
form phase was removed and evaporated under Nz. The 
residue was reconstituted in ethyl acetate, and aliquots 
were removed for assay of the radioactive metabolites after 
their separation by T L C  on Chromar AR 500 glass fiber 
sheets. 95-97% of the total radioactivity was recovered in 
the final incubation extracts. 

Chromatographic methods 
TLC was carried out using Chromar AR 500 and AR 

1000 glass fiber sheets (Mallinckrodt Chemical Go., St. 
Louis, Mo.). Solvent systems for the separation of neutral 
steroids consisted of trimethylpentane-methyl ethyl ketone 
in the following ratios: S-1, 80:20 (v/v), and S-2, 60:40 
(v/v). Reference steroids were detected as fluorescent 
zones after spraying the chromatograms with 8-hydroxy- 
1,3-pyrene trisulfonic acid sodium salt (23), 5 mg in 100 
ml of methanol, and viewing under long-wave UV light. 

GLC was carried out on a Barber-Colman model 5000 
gas chromatograph equipped with a radioactive monitor- 
ing system (Barber-Colman model 51 90). Separations of 
neutral steroid metabolites were made using a 2-m U- 
shaped column (ID 4 mm) packed with either 3% QF-1 
or 3% OV-17 on Gas-Chrom Q (100-120). For isother- 
mal separation on 3% QF-1, the column temperature was 
250°C; for 3% OV-17 the column temperature was 275°C. 
The radioactivity monitoring system was used for de- 
tection of labeled reference sterols and unknown metabo- 
lites. The hydrogen flame detector was used for detection 
of unlabeled reference sterols. All relative retention times 
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Fig. 2. Chromar AR 500 TLC chromatogram showing the distribution 
of radioactivity (dpm) recovered after 90-min incubations of [4- ‘Cjcho- 
lesteryl palmitate (1 pCi, 20 nmoles) with adult rat brain 12,000 g su- 
pernatant fraction prepared in modified Bucher’s phosphate medium, 
pH 7.4, under the following conditions: ( A )  fortified with NADPH-gen- 
erating system and 10 mM 8-mercaptoethylamine, ‘(B) incubation with- 
out NADPH-generating system, (C) control incubation with heat-treated 
protein and NADPH-generating system, and (D) incubation with 
NADPH-generating system and 1 mM EDTA. Reference standards are 
as follows: ( 7 )  cholesteryl palmitate, (2) cholesterol, (3)  cholesterol- 
5a,6a-epoxide, (4)  7-ketocholesterol, and (5) cholestane-3@,5a,6j3-triol. 
Solvent system was trimethylpentane-methyl ethyl ketone 80:20 (S-1). 

are referred to cholesterol = 1.00. Absolute retention 
times of cholesterol were: QF-1, 4.4 min; OV-17, 4.0 
min. 

Assay of radioactive metabolites 
Radioactive metabolites, after separation on Chromar 

AR 500 TLC, were characterized by sectioning chroma- 
tographic zones corresponding to reference sterols and 
placing the cut sections directly in counting vials contain- 
ing 15 ml of Omnifluor scintillation fluid (New England 
Nuclear). All radioactive measurements were made using 
an Ansitron liquid scintillation counter. Efficiency for *C 
was approximately 80%. 

RESULTS 

Incubation of [4-1 *C] cholesteryl palmitate 
Individual 90-min incubations of [ 4- *C] cholesteryl 

palmitate (1 pCi, 20 nmoles) with the 12,000 g superna- 
tant fraction of adult rat brain under various incubation 
conditions are shown in Fig. 2. In the presence of an 
NADPH-generating system and 10 mM P-mercaptoethyl- 
amine (Fig. 2, A ) ,  40-50’70 of the 14C on the chromato- 
gram was free cholesterol and 2-5% of the I 4 C  existed as 
oxidized metabolites of intermediate polarity having the 
same mobility (on Chromar AR 500 TLC) as 7-ketocho- 
lesterol. In the absence of the NADPH-generating system 
(Fig. 2, B ) ,  both sterol ester hydrolysis and the formation 
of polar oxidized metabolites were inhibited. In the heat- 
treated control incubation (Fig. 2, C), about 88% of the 

4C  was recovered unchanged as [4- 4C]chole~teryl pal- 
mitate. The addition of l mM EDTA to the incubation 
(Fig. 2, D )  in place of 10 mM 0-mercaptoethylamine 
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Fig. 3. Incubation of [4-l 4C]cholesteryl palmitate over extended time 
periods. Chromar AR 500 TLC chromatogram shows the distribution of 
radioactivity (dpm) recovered from individuil incubations of [4- 
L4C]cholesteryl palmitate (1 pCi, 20 nmoles) for various periods of time 
with the 12,000 g supernatant fraction of adult rat brain prepared in 
modified Bucher’s phosphate medium, pH 7.4. Each incubation was for- 
tified with an NADPH-generating system and 10 mM p-mercaptoethyl- 
amine. Reference sterols are as follows: ( 7 )  cholesteryl palmitate, (2) 
cholesterol, (3)  7-ketocholesterol, ( 4 )  cholesterol-5a,6a-epoxide, and (5) 
cholestane-3@,5a,6j3-triol. The solvent system was S-1. 

________________________________________-------------- 

stimulated sterol ester hydrolysis without the formation of 
more polar, oxidized cholesterol metabolites. 

Incubation of [4- *C] cholesteryl palmitate for periods 
of up to 5 hr in duration (Fig. 3) resulted in production of 
oxidized products of both intermediate polarity (1 -3%) 
and greater polarity (1-270). Extension of the incubation 
periods to 18 hr resulted in production of only cholesterol 
metabolites of greater polarity (1 -3%) having the same 
mobility on Chromar AR 500 TLC as cholestane- 
3P,Sa,bP-triol. In each case, the extension of the incuba- 
tion periods had little effect on the hydrolysis of cholester- 
yl palmitate to free cholesterol. Under similar and extend- 
ed incubation conditions with the cell-free and 12,000 g 
supernatant fractions of adult rat brain, free [4- cho- 
lesterol was recovered unchanged from the incubation 
mixtures. However, in the absence of either 1 mM EDTA 
or 10 mM P-mercaptoethylamine, some nonspecific, 
nonenzymatic autoxidation of [4- 4C] cholesterol was ob- 
served. 

Identification of metabolites 
The extracts from at least 12 separate incubations for 

each time period were combined, and the polar products 
resulting from cholesterol oxidation were separated by 
preparative TLC. These metabolites were then character- 
ized by GLC combined with a radioactivity monitoring 
system. Cholestane-3P,5a,bP-triol was identified as the 
only major cholesterol metabolite eluted from the prepara- 
tive T L C  chromatogram zone of the polar metabolites 
from the combined extracts of the 18-hr incubations of 
[4- *C] cholesteryl palmitate. 

Examination of relative retention data for radioactive 
metabolites eluted from the 7-ketocholesterol region of the 
preparative TLC chromatogram of the combined 90-min 
incubation extracts of [4- 4C]chole~teryl palmitate indi- 
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cated a total absence of 7-ketocholesterol. The radioactive 
metabolite gave a single symmetrical peak on GLC radio- 
chromatograms with a relative retention time on both 
QF-1 (RRT = 1.92) and OV-17 (RRT = 1.47) columns 
corresponding to cholesterol-5cr,6cr-epoxide (RRT 1.90, 
1.47, respectively). Reexamination of the 7-ketocholesterol 
region (containing less than 1% of total radioactivity) re- 
covered from the 18-hr incubation extracts indicated a 1 : 1 
mixture of two metabolites with RRTs (QF-1 = 1.92, 
3.90; OV-17 = 1.47, 2.14) corresponding to reference 
cholesterol-5cr,6cr-epoxide (RRT of QF-1, 1.92; OV-17, 
1.47) and 7-ketocholesterol (QF-1, 3.90; OV-17, 2.14). 
Examination of the dihydroxy sterol regions from the pre- 
parative TLC extracts recovered from both 90-min and 
18-hr incubations gave no indication of the presence of 
epimeric 7a-  or 7~-hydroxycholesterols in these fractions. 

Final identifications of cholesterol-5a,6a-epoxide 
(Table 1) and cholestane-3@,5a,6fkriol (Table 2) were 
made by cocrystallization to constant specific activity after 
dilution with the authentic sterols. Of the total radioactiv- 
ity eluted from the cholesterol epoxide region of the pre- 
parative T L C  chromatogram, approximately 60% cocrys- 
tallized as the a-epoxide isomer. The remaining radioac- 
tivity may possibly consist of the &epoxide isomer which 
resisted cocrystallization to constant specific activity even 
after formation of the chlorohydrin benzoate ester deriva- 
tives. Cholesterol-5&6P-epoxide is known to have the 
ability to form mixed crystalline complexes (24). The p- 
epoxide epimer is thought to be present because only one 
radioactive metabolite was detected on 3% OV-17, 3% 
QF-1, and 3% SE-30 GLC columns, which unfortunately 
failed to resolve satisfactorily a mixture of cholesterol a- 
and ,&epoxide epimers as the free steroids and because 
cholestane-3&5a,6P-triol, isolated as the only metabolite 
over extended incubation periods, is formed from both a- 
and &epoxide precursors in vitro in rat liver preparations 
( 5 ) .  

TABLE 1. Identification of cholesterol-5a,6a-epoxide by 
reverse isotope dilution 

R&Gal- 
~ 

Solvent System lization No Amount Spenfic Activity 

mg dpm/mg 
0 100 1380 

Methanol-water 1 93 838 
2 77 858 

Acetone-water 3 65 849 
4 51 835 

Cocrystalli'zation of chlorohydrin monobenzoate derivative 
(Calculated value) 0 66 61 9 

6 42 61 9 
Hexane 7 22 608 

Hexane-ethylacetate 5 54 573 

Unlabeled cholesterol-5a,6a-epoxide (100 mg) was added to an aliquot, 
containing 1.38 X lo5  dpm, eluted from the cholesterol epoxide region of 
the preparative TLC chromatogram of the combined extracts of the 90- 
min incubation of [4- 4C]cholesteryl palmitate, After four recrystalliza- 
tions, the chlorohydrin monobenzoate derivative (3&benzyl,5a-hydroxy- 
6@-chlorocholestane) was prepared using benzoylchloride-pyridine. 
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Fig. 4. In vitro incubation of [4-14C]chole~teryl palmitate. Each point 
on the curve represents the percentage distribution of total radioactivity 
in the free cholesterol and cholesterol epoxide chromatogram zones re- 
covered in the extracts from individual incubations of [4-14C]cholesteryl 
palmitate (1 PCi, 20 nmoles) with the 12,000 g supernatant fraction of 
adult rat brain for various periods of time. Each incubation mixture (3.5 
ml) contained the supernatant protein, equivalent to one adult rat brain, 
which was prepared in modified Bucher's phosphate medium, pH 7.4, 
and fortified with an NADPH-generating system and 10 mM @-mer- 
captoethylamine. Incubation extracts were assayed on Chromar AR 500 
glass fiber sheets with solvent system S-1 . 

Time course and subcellular distribution 
Fig. 4 shows the oxidation of [4- *C] cholesteryl palmi- 

tate by the 12,000 g supernatant fraction followed over a 
period of 90 min. The formation of cholesterol epoxides 
parallels the hydrolysis of [4- ' C ]  cholesteryl palmitate to 
free cholesterol, indicating an initial slow induction period 
followed by a rapid increase in both hydrolysis and epox- 
ide formation in the 30- to 60-min time period. After 90 
min, sterol ester hydrolysis and epoxide formation ceased, 
and only the slow conversion of cholesterol epoxide to 
cholestane-3/3,5a,6P-triol was observed. The presence of 

TABLE 2. Identification of cholestane-3@,5&6@-triol by 
reverse isotope dilution 

Recrystal- 
Solvent System lization No. Amount Specific Activity 

~~ 

mg dpm/mg 
0 100 1220 

Methanol-water 1 89 1110 
2 74 1100 
3 55 1160 

Acetone-water 4 34 1140 

Unlabeled cholestane-38,5a,6&triol (100 me) was added to an aliquot, 
containing 1.22 X lo5 dpm, eluted from the cholestane-3~,5a,6&triol 
region after preparative TLC of the combined extract of the 18-hr incuba- 
tions of [4- 4C] cholesteryl palmitate. 
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TABLE 3. Subcellular localization of cholesterol-5,6-epoxidase 
activity in adult rat brain 

Free Cholesterol Cholesterol- 
Subcellular Fraction (% hydrolysis) 5,b-epoxides 

12,OOOg supernate 48.0 3.6 
Mitochondrial fraction 4.7 1 .o 
Microsomes 39.7 4.4 
105,OOOg supernate 5.2 1.2 
Microsomes f 105,OOOg 

supernate 59.5 5.2 

Values are percentages of radioactivity recovered in the free cholesterol 
and cholesterol-5,6-epoxide regions on the Chromar AR 500 TLC chro- 
matogram. Each subcellular fraction, equivalent to one adult rat brain, 
was prepared in modified Bucher's medium and incubated for 90 min with 
[4-14C]cholesteryl palmitate (1 pCi, 20 nmoles) in the presence of an 
NADPH-generating system containing 10 mM p-mercaptoethylamine. 
Values are averages of duplicate incubations. Solvent system S-1 was used 
for the T L C  separations. 

cholesterol epoxides or cholestane-3P,5a,6P-triol was not 
observed after an examination of the unhydrolyzed ester 
fraction after mild alkaline hydrolysis, which indicated 
that only free cholesterol had been oxidized during the 
course of the incubation. 

The subcellular distribution of both cholesterol ester 
hydrolase and cholesterol-5,6-epoxidase activity is shown 
in Table 3. The  bulk of the cholesterol ester hydrolase 
and cholesterol epoxidase enzyme activity was observed in 
the microsomal and the reconstituted microsomal and sol- 
uble fractions of adult rat brain. 

I 'I/" 
Y 
0 I5 30 45 60 75 90 

Fig. 5.  In vitro incubation of [4-14C]cholesterol-5a,6a-epoxide. Each 
point on the curve is based on the assays of the percentage distribution 
of total radioactivity, in the cholestane-3~,5a,6~-triol chromatogram 
zone, recovered from individual incubations of cholesterol-5a,6a-epxide 
(1 pCi, 20 nmoles) with the 12,000 g supernatant fraction of adult rat 
brain for various periods of time. Each incubation mixture (3.5 ml) con- 
tained the supernatant protein, equivalent to one adult rat brain, which 
was prepared in modified Bucher's phosphate medium, pH 7.4. No co- 
factors were added. Incubation extracts were assayed on Chromar AR 
500 glass fiber sheets with solvent system S-2. 

Y#NuTCS 

TABLE 4. Subcellular localization of cholesterol-5a,6a-epoxide 

Subcellular Fraction Cholestane-3@,5a,6@-triol 

hydrolase activity in adult rat brain 

12,OOOg supernate 22.0 
Microsomes 17.8 
105,OOOg supernate 7.0 

Values are percentages of radioactivity recovered in the cholestane- 
38,5a,68-triol region of the Chromar AR 500 T L C  chromatogram. Each 
subcellular fraction, equivalent to one adult rat brain, was prepared in 
modified Bucher's phosphate medium and incubated for 90 min with 
[4- 4C]cholesterol-5a,6a-epoxide (1 pCi, 20 nmoles). Values are aver- 
ages of duplicate incubations. 

Incubation of [ 4- 

Fig. 5 shows the conversion of [4- 1 'C] cholesterol- 
5a,ba-epoxide (1 pCi, 20 nmoles) to cholestane- 
3P,5a,6&triol by the cell-free preparations of adult rat 
brain followed over a 90-min incubation. Hydrolysis of 
the cholesterol a-epoxide epimer to the 5a,6&trans glycol 
functional group of cholestane-3&5a,6P-triol was almost 
linear throughout the incubation time. Hydrolysis of the 
epoxide occurred in the absence of cofactors and did not 
occur in control incubations with heat-treated cell-free 
protein preparations. Cholestane-3P,5a,GB-triol was iden- 
tified as the only metabolite of the incubation of [4- 

*C] cholesterol-5a,6a-epoxide by TLC,  by relative reten- 
tion data on GLC combined with a radioactivity monitor- 
ing system, and finally by cocrystallization to constant 
specific activity after dilution with authentic sterol. 

Table 4 shows the distribution of cholesterol-5a,ba- 
epoxide hydrolase activity in the microsomal and soluble 
fractions of adult rat brain. The  epoxide hydrolase activity 
was observed mainly in the microsomal subcellular frac- 
tion, although significant activity was also noted in the 
soluble fraction. 

C] cholesterol-5a,6a-epoxide 

DISCUSSION 

The present experiments indicate that the 12,000 g su- 
pernatant fraction of adult rat brain, fortified with an 
NADPH-generating system, has the capacity to oxidize 
[4- cholesteryl palmitate to a mixture of more polar, 
oxygenated steroids identified as cholesterol-5a,6a-epoxide 
and cholestane-3/3,5a,6P-triol. Free [4- 4C]chole~ter~l  in- 
cubated under similar conditions was not oxidized. The 
evidence suggests that the formation of the oxidized prod- 
ucts may possibly be dependent on the hydrolysis of cho- 
lesteryl palmitate to free cholesterol by the microsomal 
fraction where subsequent oxidation could occur perhaps 
via a microsomal NADPH-dependent lipid peroxidation 
mechanism leading to the formation of cholesterol a- and 
possibly ,&epoxides. The  resulting sterol epoxides are then 
cleaved by a microsomal sterol epoxide hydrolase to yield 
cholestane-3P,5a,6P-triol as the only metabolite. Although 
the exact role of the sterol ester in the reaction mechanism 
or reaction sequence was not determined, the evidence 
suggests that only esterified cholesterol can reach the site 

622 Journal of Lipid Research Volume 14,1973 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


where microsomal oxidation of cholesterol may occur. 
These findings suggest that sterol esters may possibly play 
an important role in cholesterol turnover in brain espe- 
cially when there are abnormal increases of esterified cho- 
lesterol in a variety of pathological demyelinating condi- 
tions (25,26). 

The  in vitro formation of cholestane-3&5a,6@-triol as a 
product of the oxidative degradation of cholesterol was 
previously demonstrated in rat liver subcellular fractions 
fortified with an NADPH-generating system ( 5 ,  6). These 
investigations demonstrated that triol formation was in- 
hibited under conditions where NADPH-dependent mi- 
crosomal lipid peroxidation was inhibited by the addition 
of either EDTA or &mercaptoethylamine. In the present 
experiments, the addition of 10 m M  8-mercaptoethyl- 
amine stimulated cholesterol epoxide formation in rat brain 
preparations fortified with NADPH while supressing the 
formation of 7-ketocholesterol and other nonspecific au- 
toxidation products. Addition of EDTA stimulated ester 
hydrolysis and completely inhibited epoxide formation. 

The  in vitro conversion of [4- 4C] cholesterol-5a,6a- 
epoxide to cholestane-3@,5a,6@-triol by the 12,000 g su- 
pernatant fraction of adult rat brain was demonstrated in 
the present experiments. The  trans-triol was the only 
product isolated from the reaction catalyzed by a steroid 
epoxide hydrolase, located mainly in the rat brain micro- 
somes. The  possible precursor-product relationship be- 
tween cholesterol epoxides and the biosynthesis of choles- 
tane-3@,5a,b@-triol have recently been demonstrated in rat 
liver subcellular fractions ( 5 ) .  Only a few examples of ste- 
roid epoxidases and steroid epoxide hydrolases in mam- 
malian systems have been reported. The  1 1 &hydroxyl- 
ating system of bovine adrenals was shown to form small 
amounts of 9@, 1 I@-epoxide from 17,21 -dihydroxypregna- 
4,9-diene-3,20-dione (27). The  1 6a,17aY-epoxidation of 
unsaturated estrogens and the subsequent epoxide cleavage 
were demonstrated in rat liver (28). The  formation of ste- 
roid epoxides is an  important metabolic transformation in 
microorganisms (29) in which the mechanism of epoxida- 
tion is apparently closely related to the mechanism of ste- 
roid axial hydroxylations (30, 31). In  general, epoxide in- 
termediates have been shown to play an  important role as 
microsomal metabolites of polycyclic hydrocarbons in 
many different mammalian tissues (32). The  enzymatic 
oxidation of olefins to glycols in rat liver was also shown 
to occur through the formation of epoxide intermediates 
which were rapidly hydrolyzed by a microsomal epoxide 
hydrolase in the absence of added cofactors (33). 

Only recently, the isolation and identification of choles- 
tero1-5a,ba-epoxide and other trace sterols in human 
serum was reported (34). In this latter investigation, high- 
er levels of cholesterol-a-epoxide were found in patients 
with varying degrees of hypercholesterolemia and athero- 
sclerosis than in normal subjects. Cholestane-3/3,5a,6@- 
triol was not isolated. This was apparently the first re- 
ported isolation of cholesterol-a-epoxide from a natural 

source. The metabolic fate of ingested cholesterol-a-epox- 
ide in the rat was investigated (35, 36). The  toxic effects 
of dietary cholesterol-a-epoxide were attributed to its sub- 
sequent conversion to cholestane-3,5,6-triol in the gas- 
trointestinal tract of the rat (36). 

Cholestane-3@,5a,6P-triol, a companion sterol of cho- 
lesterol, has been isolated as a trace sterol from a wide 
range of natural sources including ox liver, pig testicles, 
atherosclerotic human aorta, and human brain tissue (2, 
3, 37). Cholestane-3@,5a,b@-triol was reported to consti- 
tute 0.5% of the total neutral sterols isolated from human 
brain tissue under conditions that precluded the autoxida- 
tion of cholesterol (38). Since the triol has been isolated 
and identified as a trace product of cholesterol autoxida- 
tion under a variety of conditions including photolysis, ir- 
radiation, and air oxidation (4), the biosynthetic origin of 
this polyhydroxy sterol from brain tissue has remained 
uncertain. We believe that the present data demonstrate 
that the formation of the triol is a true biosynthetic phe- 
nomenon, and we must accordingly take issue with Boyd’s 
concept (5) that the production of the 5a,6P-diol is 
c <  nonenzymatic,” even though, paradoxically, requiring 
protein and an NADPH-generating system. 

The physiological significance of the in vitro demon- 
stration of cholestane-3/3,5a,6&triol biosynthesis in rat 
brain in relationship to cholesterol turnover in brain tissue 
cannot be fully evaluated at this time. Cholestane- 
3@,5a,6@-triol is known to have marked hypocholesterol- 
emic and antiatherogenic properties (39, 40). In rat liver 
the triol has been shown to inhibit cholesterol biosynthesis 
by interfering with enzymatic demethylation at C-4 (41), 
and it is metabolized to 3@,5a,6~-trihydroxycholanoic 
acid (42). Whether cholestane-3/3,5a,6/3-triol can exert 
similar inhibitory properties during brain cholesterol bio- 
synthesis, either in vivo or in vitro, or may undergo fur- 
ther side-chain cleavage to form acidic steroid metabolites 
in brain tissue, will require further investigation. 

This work was supported by grant no. NS 06011 from the Na- 
tional Institutes of Health, Division of Neurological Diseases 
and Stroke. 
Manuscript received 25 October 1972 and in revised form 25 
May 1973; accepted 28 June 1973. 

REFERENCES 
1. Paoletti, R., E. Grossi-Paoletti, and R. Fumagalli. 1969. 

Sterols. In Handbook of Neurochemistry. Vol. 1. A. Lajtha, 
editor. Plenum, New York. 195-222. 

2. Van Lier, J. E., and L. L. Smith. 1969. Sterol metabolism. 
V. A chromatographic examination of human brain sterols. 
Tex. Rep. Biol. Med. 27: 167-176. 

3. Bergstrtim, S., and B. Samuelsson. 1961. The autoxidation 
of cholesterol. In Autoxidation and Antioxidants. Vol. 1. W. 
0. Lundberg, editor. Wiley, New York. 233-248. 

4. Smith, L. L., W. S. Matthews, J. C. Price, R. C. Bach- 
mann, and B. Reynolds. 1967. Thin-layer chromatographic 
examination of cholesterol autoxidation. J.  Chromatogr. 27: 
187-205. 

Martin and Nicholas Metabolism of brain cholesterol in vitro 623 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

Mifton, J. R., N. A. Scholan, and G. S. Boyd. 1971. The 
oxidation of cholesterol in rat liver sub-cellular particles. 
The cholesterol-7a-hydroxylase enzyme system. Eur. J.  
Biochem. 20: 569-579. 
Johansson, G. 1971. Oxidation of cholesterol, 3@-hydroxy- 
5-pregnen-20-one and 3@-hydroxy-5-androsten-17-one by 
rat liver microsomes. Eur. J. Biochem. 21: 68-79. 
Nicholas, H. J. 1965. Cholesterol turnover in the central 
nervous system. J.  Amer. Oil Chem. SOC. 42: 1008-1012. 
Spohn, M., and A. N. Davison. 1972. Cholesterol metabo- 
lism in myelin and other subcellular fractions of rat brain. J.  
Lipid Res. 13: 563-570. 
Davison, A. N. 1970. Cholesterol metabolism. In Handbook 
of Neurochemistry. Vol. 3. A. Lajtha, editor. Plenum, New 
York. 547-560. 
Galli, G., M. Galli-Kienle, F. Cattabeni, A. Fiecchi, E. 
Grossi-Paoletti, and R. Paoletti. 1970. The sterol precursors 
of cholesterol in normal and tumor tissues. Advan. Enzyme 
Regul. 8: 311-321. 
Salen, G. 1971. Cholestanol deposition in cerebrotendinous 
xanthomatosis. A possible mechanism. Ann. Intern. Med. 

Menkes, J. H., J. R. Schimschock, and P. D. Swanson. 
1968. Cerebrotendinous xanthomatosis. The storage of cho- 
lestanol within the nervous system. Arch. Neurol. 19: 47- 
53. 
Naqvi, S. H. M., B. L. Herndon, M. T. Kelley, V. Bleisch, 
R. T. Aexel, and H. J. Nicholas. 1969. Detection of mono- 
hydroxy “bile” acids in the brains of guinea pigs afflicted 
with experimental allergic encephalomyelitis. J. Lipid Res. 

Naqvi, S. H. M., R. B. Ramsey, and H. J. Nicholas. 1970. 
Detection of lithocholic acid in multiple sclerosis in brain 
tissue. Lipids. 5: 578-580. 
Norcia, L. N., and W. F. Janusz. 1965. Autoxidation of 
cholesteryl linoleate in aqueous colloidal suspension. J.  
Amer. Oil Chem. SOC. 42: 847-848. 
BergstrBm, S., and 0. Wintersteiner. 1942. Autoxidation of 
sterols in colloidal aqueous solution. IV. The influence of 
esterification and of constitutional factors. J.  Biol. Chem. 

Deykin, D., and Dew. S. Goodman. 1962. The hydrolysis 
of long-chain fatty acid esters of cholesterol with rat liver 
enzymes. J. Biol. Chem. 237: 3649-3656. 
Fieser, M., and L. F. Fieser. 1967. Reagents for Organic 
Synthesis. Wiley, New York. 136. 
Davis, M., and V. Petrow. 1949. Steroids and related com- 
pounds. Part VI. The stereochemical configuration and de- 
hydration of the isomeric androstane-3: 5:6-triol-ones. /. 
Chem. Soc. London. 2536-2539. 
Fieser, L. F., and S. Rajagopalan. 1949. Selective oxidation 
with N-bromosuccinimide. 11. Cholestane-3@,5a,6@-triol. J.  
Amer. Chem. SOC. 71: 3938-3941. 
Bergstrom, S., and U. Gloor. 1955. Studies on the 7a-hy- 
droxylation of taurodesoxycholic acid in rat liver homoge- 
nates. Bile acids and steroids. Acta Chem. Scand. 9: 34-38. 
Ramsey, R. B., J. P. Jones, S. H. M. Naqvi, and H. J. 
Nicholas. 1971. The biosynthesis of cholesterol and other 
sterols by brain tissue: I. Subcellular biosynthesis in vitro. 
Lipids. 6: 154-161. 
Kellogg, T. F. 1970. An improved spray reagent for detec- 
tion of bile acids on thin-layer chromatoplates. J.  Lipzd Res. 
11: 498-499. 
Baxter, R. A., and F. S. Spring. 1943. @-Cholesterol oxide. 
J.  Chem. SOC. London. 613-615. 

75: 843-851. 

10: 115-120. 

145: 327-333. 

624 Journal of Lipid Research Volume 14,1973 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37 

38. 

39. 

40. 

41. 

42. 

Eto, Y., and Suzuki, K. 1971. Cholesterol ester metabolism 
in the brain: properties and subcellular distribution of cho- 
lesterol-esterifying enzymes and cholesterol ester hydrolases 
in adult rat brain. Biochim. Biophys. Acta. 239: 293-31 1. 
Eto, Y., and K. Suzuki. 1971. Fatty acid composition of 
cholesterol esters in brains of patients with Schilder’s dis- 
ease, GM 1-gangliosidosis, and Tay-Sachs disease, and its 
possible relationship to the @-position fatty acids of lecithin. 
J. Neurochem. 18: 1007-1016. 
Kurosawa, Y., M. Hayano, and B. M. Bloom. 1961. The 
epoxidation of unsaturated steroids. Agr. Biol. Chem. 25: 

Breuer, H., and R. Knuppen. 1961. The formation and hy- 
drolysis of 1 6 q  17a-epoxy-oestratriene-3-01 by rat-liver tis- 
sue. Biochim. Biophys. Acta. 49: 620-621. 
Talalay; P. 1965. Enzymatic mechanisms in steroid bio- 
chemistry. Annu. Rev. Biochem. 34: 347-380. 
May, S. W., and B. J. Abbott. 1973. Enzymatic epoxida- 
tion. 11. Comparison between the epoxidation and hydrox- 
ylation reactions catalyzed by the 0 -hydroxylation system of 
Pseudomonas oleovorans. J .  Biol. Chem. 248: 1725-1 730. 
Chang, F. N., and C. J. Sih. 1964. Mechanisms of steroid 
oxidation by microorganisms. VII. Properties of the 9a- 
hydroxylase. Biochemistry. 3: 1551-1 557. 
Grover, P. L., A. Hewer, and P. Sims. 1971. Epoxides as 
microsomal metabolites of polycyclic hydrocarbons. FEBS 
Lett. 18: 76-80. 
Maynert, E. W., R. L. Foreman, and T. Watabe. 1970. 
Epoxides as obligatory intermediates in the metabolism of 
olefins to glycols. J.  Biol. Chem. 245: 5234-5238. 
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 human serum. Lipids. 6: 836-843. 
Fioriti, J. A., N. Buide, and R. J. Sims. 1969. Deposition of 
dietary epoxides in tissues of rats. Lipids. 4: 142-146. 
Fioriti, J. A., M. J. Kanuk, M. George, and R. J. Sims. 
1970. Metabolic fate of epoxycholesterol in the rat. Lipids. 

Van Lier, J. E., and L. L. Smith. 1967. Sterol metabolism. 
I. 26-Hydroxycholesterol in the human aorta. Biochemistry. 
6: 3269-3278. 
Fieser, L. F., and B. K. Bhattacharyya. 1953. Cholesterol 
and companions. VI. Lathosterol, cholestanetriol and ketone 
104 from a variety of sources. J.  Amer. Chem. SOC. 75: 
4418-4423. 
Imai, Y., S. Kikuchi, T. Matsuo, Z. Suzuoki, and K. Nishi- 
kawa. 1967. Biological studies of cholestane-3@,5a,6@-triol 
and its derivatives. Part 2. Effect of cholestane-3@,5a,6@- 
triol on the absorption, synthesis, excretion and tissue distri- 
bution of cholesterol in rats. J.  Atheroscler. Res. 7: 671- 
686. 
Aramaki, Y., T.  Kobayashi, Y. Imai, S. Kikuchi, T. 
Matsukawa, and K. Kanazawa. 1967. Biological studies of 
cholestane-3/3,5a,6@-triol and its derivatives. Part 1. 
Hypocholesterolemic effects in rabbits, chickens and rats on 
atherogenic diets. 3. Atheroscler. Res. 7: 653-669. 
Scallen, T. J., A. K. Dhar, and E. D. Loughran. 1971. Iso- 
lation and characterization of C-4 methyl intermediates in 
cholesterol biosynthesis after treatment of rat liver in vitro 
with cholestane-3@,5a,6@-triol. J.  Biol. Chem. 246: 3168- 
3174. 
Roscoe, H. G., R. Goldstein, and M. J. Fahrenbach. 1968. 
Metabolism of cholestane-3@,5a,6@-triol. I. The fate of cho- 
lestanetriol in the rat. Biochem. Pharmacol. 17: 1189-1 196. 

838-843. 

5: 71-75. 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

