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 Cholesterol Oxides II. Measurement of the 5,6-Epoxides 
During Cholesterol Oxidation in Aqueous Dispersions 
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Cholesterol in aqueous dispersion with sodium stearate 
or Triton surfactants was aerated at various pH values 
at 50 and 80 C. Analysis of the reaction mixtures by TLC 
during the oxidation produced qualitatively similar pat- 
terns regardless of pH or temperature. Major oxidation 
products observed were 7-ketocholesterol, the isomeric 
7-hydroperoxy- and 7-hydroxycholesterols, the isomeric 
5,~epoxycholestanols and 3f3,5a,6f~-trihydroxycholestanol. 
The concentrations of 3f~,5a,6/3-trihydroxycholestanol and 
an unknown compound increased greatly at the lower pH 
values. 

Recovery of the 5,6-epoxide isomers by preparative 
TLC followed by capillary GC allowed the a- and /3- 
epoxide isomers to be quantitated. Oxidations at pH 8 
and 12 produced increasing amounts of the epoxides with 
time, without significant changes in the a/f3-epoxide ratio. 
However, oxidations at the acidic pH values of 5.5 and 
3 showed large changes in the a/f3-epoxide ratio during 
the oxidation. Measurement of the hydrolysis rates of the 
5,6-epoxides at pH 5.5 showed that the ~-epoxide isomer 
is more labile than the a-isomer by a factor of 2.5. The 
rate constant for the hydrolysis of the a-epoxide isomer 
was 5.3 X 10 -7 sec-' and that of the {3-isomer 13 X 10 -7 
sec-'. 

The autoxidat ion of cholesterol has been repor ted  for 
m a n y  years  by  a number  of researchers  us ing a var ie ty  
of exper imental  conditions fl-9}, and a large number  of 
oxidation products  have been identified {10-16}. Repor ts  

tha t  several of the common cholesterol oxidation products  
adversely affect biological sy s t ems  have increased in- 
te res t  in this area, especially with regard to the initiation 
of atherosclerosis  (17-21}. 

A m o n g  the oxidat ion products  cited as hav ing  
det r imenta l  biological effects are the 5a,6a-epoxide 
{22-28} and its  hydra t ion  product  3/3,5a,6~-trihydroxy- 
cholestanol {29-34}. A number  of studies have repor ted 
tha t  the isomeric cholesterol epoxides are formed in 
relat ively fixed ratios, the a/[3 rat io  being a function of 
react ion conditions {35-40}. Rat ios  repor ted have varied 
f rom 1"11 in favor  of 5/3,6f~-epoxycholestanol to 8:1 in 
favor  of the a-isomer. However,  these ra t ios  have for the 
mos t  pa r t  been repor ted  as single point  analyses.  We 
wanted  to determine whether  the a/[~ epoxide rat io  was 
affected by  factors  other than  s tereoselect ivi ty  during 
formation.  

In con t ras t  to previous studies, the present  work 
measures  the a//>epoxide rat ios th roughout  the course of 
cholesterol oxidation. Epoxide quant i t a t ion  and rat io  
measuremen t  were grea t ly  facil i tated by  use of capillary 
gas  ch roma tog raphy  on underivat ized cholesterol oxide 
isolates {36,41). Autoxida t ion  of cholesterol in aqueous 
dispersion was chosen because rapid oxidation could be 
achieved with aerat ion at  relat ively low tempera tu res  
(50-80 C}. In  addition, colloidally dispersed cholesterol 
may  be a bet ter  model for the s ta te  of cholesterol in foods 
and in the aqueous fluids of animal t issues than  
cholesterol dissolved in organic solvents  or in the 
crystal l ine s t a te  (5,15}. Moreover,  the buffered aqueous 
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medium used in this study allowed a systematic examina- 
tion of the effects of pH along with temperature on the 
a//~ epoxide ratio during cholesterol oxidation by air. 

EXPERIMENTAL PROCEDURES 

Materials. Cholesterol, ash free and precipitated from 
alcohol, was purchased from Sigma Chemical Company 
(St. Louis, Missouri). Cholesterol oxide standards were 
purchased from Sigma Chemical Company (St. Louis, 
Missouri); Steraloids, Inc. (Wilton, New Hampshire) and 
Research Plus, Inc. (Bayonne, New Jersey). Cholestanol- 
5fl,6fl-epoxide was prepared from cholesterol via 3fl,5a,6fl- 
trihydroxycholestanol (50) and the corresponding tri- 
acetate (51) by the method of Chicoye et al. (14). The g- 
epoxide was purified by preparatory TLC. 

Triton X-100, Triton X-102, Triton X-114 and Triton 
QS-30 were obtained from Rohm and Haas Company 
(Philadelphia, Pennsylvania); Tween 80 from ICI 
Americas, Inc. (Wilmington, Delaware); Tergito11559 and 
SAG 47 Silicone Antifoam Fluid from Union Carbide 
Corp. (Moorestown, New Jersey); stearic acid (technical 
grade) was purified by double recrystallization. 

TLC plates, silica gel G and GHL (250 microns), were 
purchased from Analtech (Newark, Delaware); com- 
pressed air, zero grade, from Air Products & Chemicals, 
Inc. (Tamaqua, Pennsylvania). 

All solvents used were "distilled in glass grade," and 
chemicals were of reagent grade quality. Water was 
double deionized, glass distilled. 

I. Oxidation of cholesterol. (i) Dispersion media. To 150 
ml of distilled, deionized water containing 50 mg of 
disodium phosphate was added either 150 mg of Triton 
X-100 or 125 mg of stearic acid as surfactant. Triton 
X-100 was used at pH values of 8 or below and stearic 
acid at pH 8 or above. At pH 3, a mixture of equal 
amounts of Triton X-100 and Triton QS-30 was found to 
be considerably more effective in dispersing cholesterol 
than Triton X-100 alone. 

For stearate containing media, stearic acid dissolved 
in 4 ml of ethanol was added dropwise to water at 80 C 
with vigorous stirring. To the resulting turbid suspension, 
1 N NaOH was added dropwise until the solution clarified, 
at which point it was cooled to room temperature. The 
pH of the stearate or Triton solutions was measured, ad- 
justed to pH 8 and the solution stored at room 
temperature until used. Adjustments in the pH of the 
dispersion medium to values other than 8 were made after 
addition of the cholesterol. 

(ii) Apparatus. The reaction vessel consisted of a four- 
neck 250 ml round bottom flask fitted with a water-cooled 
condenser, thermometer and gas dispersion tube. Tem- 
perature was maintained at _+ 1.0 C with an I2R Thermo- 
O-Watch controller connected to a rheostated heating 
mantle. Air was supplied from a compressed air tank at 
200 cc/min via an Ascarite II trap to remove CO2. The 
reaction vessel was placed on a magnetic stirrer inside 
a light proof cabinet during use. 

(iii) Cholesterol autoxidation. Cholesterol (75 rag) 
dissolved in 2 ml of ethanol was injected slowly into 150 
ml of dispersion media being vigorously stirred and 
heated at 80 C in a 250 ml beaker on a hot plate. After 
cooling, the pH of the solution was adjusted to the desired 
value, and samples were removed as the unoxidized con- 

trols. The mixture was reheated to reaction temperature 
and transferred to the reaction vessel, 3 drops of anti- 
foaming agent were added, and the flow of air through 
the mixture was initiated. Samples were removed peri- 
odically for analysis. Typically, two 5 ml-aliquots were 
taken at each sampling for separate analyses by GC or 
TLC. The aliquots were cooled, their pH measured and 
adjusted to 9, and then they were stored in 24 ml screw 
capped vials under nitrogen at - 2 0  C until analyzed. 

(iv) Product isolation. Frozen samples were thawed and 
internal standard (5a-cholestan-3fl-ol-6-one) was added to 
samples to be analyzed by GC. Reaction products were 
extracted from both sets of samples with two 10 ml and 
one 5 ml aliquot of ethyl acetate per sample. Sodium 
sulfate was used to break emulsions. Extracts of each 
sample were pooled, dried over anhydrous sodium sulfate, 
and solvent removed under a stream of nitrogen. 

Samples were reconstituted with ethyl acetate using 
0.5 ml for analytical TLC samples and 0.1 ml for GC 
samples. Analytical TLC samples were used as such, 
while GC samples were fractionated by preparative TLC 
prior to gas chromatography as follows: 20 ~l of the 0.1 ml 
GC sample was streaked onto each of two 5 × 20 cm TLC 
plates and developed in benzene-ethyl acetate (3:2, v/v). 
One plate was charred to locate the 5,6-epoxide band. This 
band was scraped from the second plate onto weighing 
paper and transferred to a 10 cc syringe fitted with a 
0.45 t~m Millipore filter. Two successive 4 ml extractions 
with acetone were used to elute products into a 9 ml screw 
capped vial. Acetone was removed with a stream of 
nitrogen, and samples were reconstituted with 0.1 ml of 
ethyl acetate and stored at - 2 0  C prior to GC analysis. 

(v) Analytical thin layer chromatography. Prior to use, 
plates were washed by development with chloroform- 
methanol (2:1, v/v) and activated overnight in a 115 C air 
oven. Plates containing samples were developed with 
benzene-ethyl acetate-acetic acid (60:40:1, v/v/v). Air dried 
plates were sprayed lightly with 50% sulfuric acid, placed 
on an unheated hot plate and gradually warmed to pro- 
duce a maximum color display of the cholesterol oxida- 
tion products. After complete charring at 220 C, the 
plates were removed from the hot plate, cooled, and R± 
values were measured. 

Specific oxidation products were identified by com- 
parison of mobilities with those of authentic compounds 
and by color development during charring. In addition, 
hydroperoxides were identified by use of a Wurster dye 
{42) and'by sodium borohydride reduction combined with 
2-dimensional TLC; ketones by reaction with 2,4-dinitro- 
phenylhydrazine (43) and UV absorption; 7a- and 7fl- 
hydroxy isomers by recovery of bands from TLC plates 
followed by determination of GC retention times of the 
extracted compounds; 5,6-epoxides by recovery of TLC 
band followed by GC with and without hydrobromination 
of the sample. 

During the authentication of the 5fl,6fl-epoxycholes- 
tanol synthesized for this study, the observation was 
made that  the fl-epoxide gives an initial blue color 
response with sulfuric acid on a warm TLC plate. After 
a short period of heating, the blue color changes to a 
yellowish tan typical of the a-epoxide isomer which does 
not elicit the initial blue coloration. Previously, 5,6- 
epoxides were reported to give only a yellow color. 

(vi) Gas liquid chromatograph. Underivatized samples 
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prepared for GC were chromatographed on a Sigma 2000 
capillary chromatograph (Perkin-Elmer) equipped with a 
SGE-OCI2 on-column injector and fi t ted with a 0.2 mm 
I.D. × 25 crosslinked SE-54 (film thickness 0.33 pm) 
FSOT (Hewlett  Packard Ultra #2) column having a 
0.32 mm I.D. × 2 m deact ivated fused silica retent ion 
gap. Carrier gas was helium at a flow rate  of 36 cm/sec. 
Tempera ture  program was as follows: Isothermal  at 
100 C for 5 min followed by a 30 C/min increase to 260 C 
followed by  a 0.5 C/min increase to 300 C. Detect ion was 
by F.I.D., and peak areas were integrated with an 
LCI-100 recording in tegrator  (Perkin-Elmer). Fur ther  
details of the GC procedure are in Ref. 41. 

(vii) Determinat ion of a/[3 epoxide ratios. A s tandard  
solution of the two epoxides was prepared in ethyl 
acetate, so tha t  1 ~l of solution contained approximately 
70 ng of each isomer. The solution was injected in the gas 
chromatograph four times. The mean a/[3 ratio _+ S.D. was 
0.90 __ 0.02. The same solution was applied to three TLC 
plates to s tudy recovery. Since the a-epoxide runs slightly 
behind the /3-isomer on TLC it was necessary to be 
generous in scraping the area below the epoxide band. 
Triplicate recovery from TLC gave a mean a/[3 ratio +_ 
S.D. of 0.90 _ 0.11. 

(viii) Cholesterol quantitation. GC samples (see Product  
Isolation) prepared for analysis of oxidation products  
were also used for cholesterol determination but  without  
prior fractionation. An aliquot of sample was diluted 500 
t imes in ethyl  acetate and 1 pl analyzed by gas chroma- 
tography.  Peak areas were compared and quanti t ies  
assigned based on the amount  of cholesterol present  in 
the unoxidized cholesterol dispersion. 

II. Hydrolysis of the 5,6-epoxide isomers. (i) Reaction 
mixture. Epoxide hydrolysis  was conducted in 100 ml of 
a Tri ton X-100 dispersion medium buffered with ci trate 
(25.8 mg citric acid + 198.5 mg sodium citrate per 100 
ml of dispersion medium). The pH was adjusted to 5.5 
by the addition of a concentrated citric acid solution. 
Subsequently,  a mixture  containing 1 mg each of 5a,6a- 
epoxycholes tanol ,  5/3,6/~-epoxycholestanol and 5a- 
cholestan-3/3-ol-6-one (internal standard) was dissolved in 
1 ml of ethanol and t ransferred quant i ta t ively  to the 
dispersion medium at 60 C. This reaction mixture  subse- 
quently was transferred to the reaction vessel previously 
described but  without  the gas dispersion tube. The head 
space of the reaction vessel was purged with N2, and the 
mixture  was heated to 80 C. Samples (1 ml) taken peri- 
odically received a 0.08 ml addition of 0.1 N NaOH to 
raise their pH to about 9, thereby stabilizing the epoxides. 

(ii) Subs t ra te  isolation. Cholesterol oxides were ex- 
t racted from the samples with two 1 ml aliquots of ethyl  
acetate. Ex t r ac t s  were pooled, dried over anhydrous 
sodium sulfate and loaded onto an ethyl  acetate-washed 
silica Sep-Pak (Waters Associates) to remove ext rac ted  
Tri ton X-100 which interferes with GC analysis. Eluate  
from sample addition was discarded, and oxides were 
eluted with 1 ml of ethyl acetate plus drainage of the Sep- 
Pak. Sample without  fur ther  preparat ion was analyzed 
by gas chromatography and the unreacted epoxides 
quanti ta ted.  

RESULTS AND DISCUSSION 

The facility with which cholesterol is oxidized by air in 
an aqueous medium depends in par t  on its degree of 

dispersion. Previous workers have employed sodium 
s tearate  as dispersing agent  in alkaline or neutral  
medium, and we have followed their example. Other 
researchers have reported tha t  cholesterol in aqueous 
dispersion with sodium s tearate  (1-3,11) oxidizes poorly 
at acidic pH values and at mild tempera ture  (37-50 C) 
even in the presence of copper (II) ion as catalyst .  This 
is reasonable, because at low pH values sodium stearate  
is converted to the free acid which has a melting point 
of 70.1 C, is insoluble in water  and hence is a poor dis- 
persing agent. Several nonionic surfactants  were tes ted 
for their  ability to disperse cholesterol in acidic, aqueous 
medium. These surfactants  also were examined by TLC 
to de te rmine  re la t ive  p u r i t y  and whe the r  the i r  
chromatographic pat terns would interfere with the detec- 
tion of the cholesterol oxidation products.  Tri ton X-100 
and Tri ton X-102 proved to be chromatographical ly 
cleaner (interferences only near origin) than Tween 80, 
Tergitol  1559 and Tri ton X-114 and hence were used. In 
addition, both Triton X-102 and Triton Qs-30, an anionic 
phosphate  surfactant  used in combination with Tri ton 
X-102 at pH 3, proved stable in aqueous solution after  
96 hr at 80 C with an air flow of 200 cc/min. 

TLC proved useful in assessing the oxidizability of 
cholesterol dispersions made with various s urfactants and 
buffered to different pH values. The dec1 ease in size of 
the cholesterol spot with t ime of oxidation, as well as the 
presence of oxidation products,  allowed a quali tat ive 
assessment of the relative equivalence of two dispersions 
in terms of the amount  of cholesterol oxidized within a 
given time. Table 2 presents  the relative percent of 

T A B L E  1 

Identification of the Major Cholesterol Oxidation Products Seen in 
Figure 1. Structures Are Shown in Figure 5 

Rf Compound 

0.69 
0.55 
0.40 
0.37 
0.31 
0.21 
0.17 
0.05 

Dispersing agent {stearic acid} 
Cholesterol 
7/3-Hydroperoxycholesterol 
7a-Hydroperoxycholesterol 
5,6-Epoxycholestanol + 7-ketocholesterol 
7/3-Hydroxycholesterol 
7 a-Hydroxycholesterol 
3/3,5a,6/3-Trihydroxycholestanol 

T A B L E  2 

Percent of Cholesterol Oxidized in 24 Hours at 80 C. 
Effect  of Dispersants 

Sodium Triton X-102 + Triton QS-30 
pH stearate Triton X-100 {1:1) 

12 38 <1 nd b 
8 48 42 nd 
5.5 nd 40 a nd 
3 nd <2 11 (55 a) 

aAfter 96 hr. 
bnd, not determined. 
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Rf 
cholesterol oxidized in aqueous dispersions using different 
surfactants at four pH values. Values for percent 
cholesterol oxidized were determined by GC analysis. As 
seen, dispersions made with sodium stearate allowed 
significant amounts of the cholesterol to oxidize after only 
24 hr at 80 C at alkaline pH values. Triton X-100 proved 
effective for dispersing cholesterol at intermediate pH 
values but not at pH extremes. The poor oxidizability of 
cholesterol dispersed in water with Triton X-100 at pH 
12 and 3 is probably a result of a physical rather than 
a chemical phenomenon. At these pH values, the disper- 
sions were much less translucent than at pH 5.5 and 8. 
Dispersions which produced significant cholesterol oxida- 
tion exhibited the bluish-gray color of a colloidal suspen- 
sion, whereas the whiter appearance of those dispersions 
which did not readily oxidize indicate that the particle 
size of cholesterol was much larger. At pH 3, the addi- 
tion of Triton QS-30, along with Triton X-100, dispersed 
the cholesterol well enough to allow for good oxidation 
when the reaction time was extended. 

Cholesterol oxidized by air in aqueous dispersions was 
examined by TLC to identify the major products of ox- 
idation and to assess the oxidizability of cholesterol in 
dispersions at different pH values. A typical TLC 
chromatogram is shown in Figure 1 for a pH 8 cholesterol 
didspersion oxidized at 80 C. Equal volumes of sample 
were applied to the TLC plate in order of increasing time 
of oxidation. Cholesterol oxidation products are listed by 
Rs values in Table 1. 

In the unoxidized control sample (0 hr), cholesterol 
chromatographs at Rf 0.55 with trace amounts of en- 
dogenous oxides visible at lower Rt values. Stearic acid, 
the dispersing agent used for this particular oxidation, 
is seen at Rl 0.69. The addition of 1% glacial acetic acid 
to the solvent system is required to prevent streaking of 
the stearic acid on the TLC plate. In the experiment 
shown in Figure 1, cholesterol decreased by 48% after 24 
hr, and oxidation products increased with time except in 
the case of the hydroperoxides which reached a maximum 
at 9 hr and subsequently decreased. Other researchers 
have shown that the 7-hydroperoxides are the initial ox- 
idation products which react further to give the 7-ketone, 
the isomeric 7-hydroxides and 5,6-epoxides (15,45,47). The 
decomposition of hydroperoxides to secondary oxidation 
products is typical of autoxidations of lipids and has been 
observed in a number of instances (44,45). The observa- 
tion that 7fl-hydroperoxycholesterol was produced more 
abundantly than the a-isomer is also consistent with 
observations by other researchers (15,45-48). The triol 
seen at R~ 0.05 is a secondary reaction product resulting 
from the hydration of the 5,6-epoxides which co-chroma- 
tograph at Rf 0.31 with 7-ketocholesterol, the major ox- 
idation product formed in these oxidations. Oxidations 
of aqueous dispersions at other pH and temperature con- 
ditions produced similar TLC patterns with the notable 
exception that at lower pH values much larger quantities 
of triol were observed while at pH 12 almost no triol was 
detected. Also, at pH 3, a spot visible in Figure 1 between 
Rf 0.21 and 0.31 became prominent but has not yet been 
identified. Among the various products formed during 
cholesterol autoxidation are the isomeric 5,6-epoxides 
whose relative ratios have been cited as being variable 
depending on the conditions of oxidation (35,36). The ef- 
fects of pH and temperature on the ratio and quantity 
of epoxides were examined. 

0.55 

774 

0.40 

0,37 

0.31 

0.05 

0 2 4 6 9 12 24 
HOURS 

0.21 

0.17 

FIG. 1. Thin layer profile of cholesterol autoxidation products from 
an aerated aqueous dispersion of cholesterol at pH 8, 80 C. Major 
products are identified in Table 1 by Rf values 

Quantitative results from cholesterol oxidations con- 
ducted at four different pH values are shown in Figure 2. 
The temperature was 80 C in all four reactions. At pH 
12, the epoxides are seen to increase with time during the 
first 24 hr after which only a small increase is observed. 
At pH 8 the epoxides also increase with time; however, 
their amounts are considerably greater than at pH 12. 
Similarly, at pH 5.5, the amounts of the epoxides increase 
with time. At this pH, though, a distinct maximum oc- 
curs at 72 hr beyond which the quantity of total epox- 
ides decreases sharply. Such a maximum is indicative of 
competing reactions involving the formation and decom- 
position of the epoxides. At pH 3, the epoxides do not 
increase despite the fact that 55% of the initial cholesterol 
is oxidized after 96 hr. 

The formation of the epoxides was coincident with the 
presence of cholesterol 7-hydroperoxide. At pH 12, for ex- 

JAOCS, Vol. 63, no. 6 (June 1986) 



775 

CHOLESTEROL OXIDES II 

w 
I - -  

60 

40 

20 

0 

60 

40 

20 

80"C 
pH 12 

0 

80% 

2.5 

02 

02 0.2 l l ~  
0.3 ~ 
5.0 I0 24 48 72 

0.3 
pH8 

O3 

=-EPOXIOE 

B-EPOXIOE 

0.4 0.3 
0 __r---1 ~ 

E o 25 50 ,o 2.  t3 

6o I- 8o'c 1 

tO | 0.9 
I- o, o5 1 - 1 1  I B  

03 03 " "  
0 0 
40~80' c 

20~_ pH 3 

_ _  
0 

2.5 5.0 I0 24 48 72 96 

09 14 13 1.7 

2.5 5.o i0 
HOURS 

60 

40 

20 

FIG. 2. Quantitation of the 5,6-epoxide isomers during oxidation of 
cholesterol at 80 C in aqueous dispersion at pH 12, 8, 5.5 and 3. The 
a//3-epoxide ratio is given as the superscript above the bars. 

ample, hydroperoxides were observed to increase in con- 
centration up to 24 hr in parallel with the 5,6-epoxides. 
After 48 hr, however, the levels of hydroperoxides were 
low and little or no further increase in the epoxides had 
occurred. Likewise at pH 8 and 5.5, maximum concentra- 
tions of hydroperoxides were observed in samples yielding 
the highest total epoxide amounts. This trend was not 
followed at pH 3. Although hydroperoxides were detected 
in amounts similar to those found at the higher pH values, 
the epoxides did not build up, presumably due to acid- 
catalyzed hydration of the epoxides to 3/],5a,6/]- 
trihydroxycholestanol. These results are consistent with 
the epoxidation of cholesterol by cholesterol hydroperox- 
ide during the autoxidation reactions. 

The measured ratio of the a-epoxide to its/]-isomer (a//]) 
is shown in Figure 2 as superscripts above the bars. At 
pH 12 and 8 the a/[~ epoxide ratio is constant within the 
limits of experimental error and suggests that the a- and 
/]-isomers are formed at constant rates throughout these 
oxidations. Stereoselectivity clearly favors the/]-epoxide 
isomer in these aqueous autoxidations. At pH 5.5, 
however, the a//] epoxide ratio is no longer constant 
throughout the reaction but changes considerably from 
an initial value of 0.3 to 2.1 after 96 hr. The maximum 
in the amount of total epoxide observed at 72 hr indicates 
that both epoxides are labile at pH 5.5. Furthermore, the 
changing a/[~ ratio indicates that  there is a differential 
lability between the a- and/]-isomers. Stereoselectivity 
in epoxide formation is unlikely to account for this chang- 

50°C, pH8 

0.3 

04 

0.4 0.3 ~ 

0 18.5 43.0 95 
HOURS 

19 

FIG. 3. Quantitation of the 5,6-epoxide isomers during oxidation of 
cholesterol at 50 C in aqueous dispersion at pH 8. The a//~-epoxide 
ratio is given as the superscript above the bars. 
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FIG. 4. First order rate plot for the hydrolysis of the a- and fl-epoxide 
isomers at pH 5.5, 80 C. 

ing ratio, since it has been reported that the 7a- and 7/]- 
hydroperoxycholesterol isomers, assumed to be the major 
epoxidizing agents in this system, each epoxidize 
cholesterol to the same a//]-epoxide ratio {37}. 

At pH 3, acid-catalyzed hydrolysis is fast enough to 
prevent any sizable buildup of the epoxides. However, the 
small amount of detectable epoxides remaining clearly 
show a change in the a//] epoxide ratio. As at pH 5.5, it 
is clear that  the a-epoxide is less sensitive to acid cata- 
lyzed hydration than the /]-epoxide. The effect of 
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FIG. 5. Structures of cholesterol and relevant oxidation products. 

temperature was examined by comparing cholesterol 
autoxidations at 50 C and 80 C at pH 8. The results of 
the epoxide analysis for the 50 C reaction are presented 
in Figure 3 and show a very similar pattern to the 80 C 
reaction of Figure 2. The only observed difference between 
the 50 C and 80 C oxidations is the expected longer time 
required for the reaction to proceed at the lower 
temperature. 

An aqueous dispersion of cholesteryl stearate was 
autoxidized at 80 C, pH 8 to see whether the presence of 
a long saturated sidechain would affect the a//3-epoxide 
ratio via steric hindrance. Analyses of the reaction mix- 
ture after 22.5 hr by TLC following mild saponification 
(49) of the cholesteryl ester revealed only the typical 
oxidation products as seen in Figure 1 for cholesterol 
oxidized at 80 C, pH 8. Furthermore, the measured a/~ 
epoxide ratio of 0.3 was also the same as that found for 
oxidized free cholesterol under the same reaction 
conditions. 

To assess the stability of the 5,6-epoxide isomers 
toward acid catalyzed hydrolysis, the authentic epoxide 
isomers were incubated at 80 C in an aqueous dispersion 

at pH 5.5 and the mixture assayed periodically for the 
amount of each epoxide remaining. 

Quantitative differences between the two epoxide 
isomers are evident in the first-order rate plots of the data 
from the hydrolysis experiment {Fig. 4). The slopes of the 
lines in this plot yield rate constants of 13 X 10 -7 sec -~ 
for the ~-epoxide and 5.3 × 10 -7 sec-' for the a-epoxide 
indicating that the/~-isomer is about 2.5 times more reac- 
tive than the a-isomer at pH 5.5. This result is consistent 
with the observed a/f3 epoxide ratio changes which oc- 
curred in the autoxidizing cholesterol dispersions at acidic 
pH values. In addition, the lability of the/3-isomer could 
account for high a/l~ epoxide ratios Obtained from 
cholesterol-containing foods and heated fats which are 
acidic in pH. However, enzymatic and stereospecific 
chemical epoxidation cannot always be ruled out as alter- 
native explanations. 
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