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Reaction of Cholesterol 5,6-Epoxides with Simulated Gastric Juice
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Cholesterol 5a,6a-epoxide (a-epoxide) and cholesterol
5p,6-epoxide (f-epoxide) were individually suspended in
simulated gastric juice (pH 1.2) at 37 C, and their reac-
tion was followed by gradient high performance liquid
chromatography (HPLC) with flame ionization (FID)
detection. Both epoxides reacted rapidly in the aqueous
acid medium. The a-epoxide formed 64-chlorocholestane-
3p,5a-diol (a-chlorohydrin) and 5a-cholestane-34,5,6p-triol
(triol), while the f-epoxide formed 5a-chlorocholestane-
3p,6p-diol (8-chlorohydrin) and triol. The isomeric chloro-
hydrins reacted further to form the triol. In mildly
alkaline aqueous medium, each chlorohydrin reverted to
the epoxide from which it was formed. The data suggest
that both epoxides, which have been reported to have
adverse health effects in animals, would be largely
hydrolyzed in the stomach and to the triol, which also has
been reported to have biological activity. The data fur-
ther suggest that residual chlorohydrins surviving
stomach residence can be expected to revert to epoxide
in the more alkaline intestinal environment.

Lipids 23, 761-765 (1988).

It is well-recognized that the exposure of cholesterol to
oxidizing conditions gives rise to oxidation products (1),
and many of these have been identified and now can be
measured with some precision (2). A few of the major
products of cholesterol oxidation have been reported to
have adverse biological effects (3-12), and their implica-
tion in cardiovascular disease has been of concern. The
possible adverse health effects of cholesterol oxidation
products are highly relevant to food safety, because many
cholesterol-containing foods are subjected to oxidizing
conditions during various stages of processing, storage
and/or preparation. Indeed, the problem may extend to
foods that contain plant sterols, compounds that are
closely related chemically to cholesterol and can be ex-
pected to give similar oxidation products, but this aspect
has been studied only superficially.

The cholesterol oxidation products that have greatest
relevance to food safety are the 5a,6a-epoxide, which has
been reported to be carcinogenic and mutagenic (11) and
the 38,5,6p-triol, which has been cited as being cytotoxic
(6,9,10). The 58,6p-epoxide also has recently been reported
to be toxic (13), and because it is hydrated to form the
triol at a faster rate than the 5a,6a-epoxide (14), its
presence also must be considered pertinent to the food
safety perspective.

The presence of cholesterol oxidation products in
animal-derived foods has been reported with increasing
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frequency in recent years. Products that were reported
to contain these cholesterol derivatives include heated
tallow (15,16), dried egg preparations (17-21), butter and
other dairy products (17,20,22-24), and other foods (17,
20,25,26). The documented existence of the 5,6-epoxides
and of the triol in a large variety of foods raises the ques-
tion of their fate upon ingestion.

Cholesterol 5a,6a-epoxide (a-epoxide) reacts with hydro-
chloric acid to give 6p-chlorocholestane-38,5a-diol (a-
chlorohydrin) (27,28). Similarly, cholesterol 58,68-epoxide
(B-epoxide), on reaction with hydrochloric acid, yields 5a-
chlorocholestane-33,6p-diol (3-chlorohydrin) (28-31). Both
chlorohydrins might be formed when mixtures of the
isomeric cholesterol 5,6-epoxides are ingested. This paper
reports a study of the reaction of the cholesterol epox-
ides with simulated gastric juice (pH 1.2) at 37 C.

EXPERIMENTAL

Materials and reagents. Cholesterol, 99+ %, and a-epoxide
were purchased from Sigma Chemical Co. (St. Louis, MO)
and 5-cholestene-38,25-diol was purchased from Research
Plus, Inc. (Bayonne, NJ). p-Epoxide was prepared from
cholesterol via 5a-cholestane-3p,5,6p-triol (triol) (32) and
the corresponding triacetate (33) by the method of
Chicoye et al. (34). Dulbecco’s Modified Eagle Medium
(high glucose) was purchased from Flow Laboratories
(McLean, VA).

All solvents used were ““distilled in glass grade’ and
for high performance liquid chromatography (HPLC) were
degassed by vacuum filtration through a 0.2 ym filter.
Water was double-deionized, glass distilled. Thin layer
chromatography (TLC) plates, Silica Gel G and GHL
(250 ), were purchased from Analtech (Newark, DE).

Simulated gastric juice was prepared by diluting a solu-
tion of conc. HCI (0.82 ml, 12 M) and 0.411 g NaCl in
distilled, deionized water to a total volume of 100 ml. The
solution had a pH of 1.22. Phosphate buffer (pH 7.44) was
a solution of monobasic potassium phosphate (KH,PO.,
0.5905 g) and dibasic sodium phosphate (Na,HPO.,,
2.130 g) in 500 ml water.

PROCEDURES

Preparation of chlorohydrins: 6f-chlorocholestane-3f,5a-
diol (3) (a-chlorohydrin). a-Epoxide (1) (501 mg) in a glass
stoppered 500 ml Erlenmeyer flask was dissolved in ether
(230 ml), and conc. HCI (125 ml) was added with cooling.
The stoppered flask was allowed to stand at room tem-
perature for 18 hr with magnetic stirring. After addition
of 50 ml water and 50 ml ethyl acetate, the mixture was
neutralized with 50% aqueous NaOH with cooling in ice
to a pink phenolphthalein endpoint. The ether layer was
separated, and the aqueous phase was extracted with 2 X
100 ml ethyl acetate. The combined organic phases were
dried over anhydrous Na,SO, and distilled on a rotary
evaporator under aspirator vacuum to a dry residue
(590 mg). The product was purified by semi-preparative
HPLC using hexane/2-propanol (100:3, v/v).
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5a-Chlorocholestane-3p,6p-diol (4) (B-chlorohydrin). The
method used to prepare the p-chlorohydrin from the -
epoxide (2) was identical to that used for the a-chloro-
hydrin.

Reaction of epoxides with simulated gastric juice:
cholesterol 5a,6a-epoxide (1). To a 100 ml three-neck flask,
equipped with magnetic stirring bar and a thermometer
to which a thermoregulator was attached, 75.0 ml of
simulated gastric juice was added. The flask was set on
a stirring hot plate, and the temperature of the solution
was regulated at 87.0 = 0.5 C with vigorous agitation.
a-Epoxide (21.03 mg) dissolved in 2-propanol (1000 uL)
was injected slowly (3 min) below the surface of the stirred
aqueous solution by means of a 500 uL syringe, resulting
in a cloudy suspension. Aliquots (5 ml) were withdrawn
from the reaction mixture immediately after the injection
was completed and at periodic intervals thereafter by use
of a volumetric pipette. Each aliquot was placed in a 20 ml
screw-top vial containing 5 ml of ethyl acetate and 1 ml
of a solution of internal standard (568 ug 5-cholesten-3p,
25 diol in 1 ml ethyl acetate). Vigorous shaking of the ali-
quot mixture was followed by phase separation and addi-
tional extractions (3 X 5 ml ethyl acetate) of the aqueous
layer. Combined extracts were dried over anhydrous
Na,SO, and evaporated to dryness under a stream of N.
The dry residue was dissolved in 30 L 2-propanol, and
the resulting solution was diluted with 1000 uL hexane
in preparation for HPLC analysis. :

Cholesterol 58,6p-epoxide (2). The procedure used was
the same as that used for the a-epoxide.

Reaction of chlorohydrins with simulated gastric juice:
6p-chlorocholestane-3p,5a-diol (3) () {a-chlorohydrin). The
a-chlorohydrin was somewhat less soluble in 2-propanol
than the a-epoxide, and 1500 uL 2-propanol were required
to dissolve 24 mg of the a-chlorohydrin. Otherwise, the
procedure described for the reaction of a-epoxide with
simulated gastric juice was followed in detail.

5a-Chlorocholestane-3p,6p-diol (4) (B-chlorohydrin). The
procedure used was identical to that described for the
reaction of the a-epoxide, except that 24 mg of -
chlorohydrin was dissolved in 600 uL 2-propanol for in-
jection in the reaction flask. The p-chlorohydrin appeared
to be much less soluble in the aqueous phase than either
of the epoxides or the a-chlorohydrin and formed large
particles in the water layer and deposits on the outside
of the injection needle.

Measurement of stability of the a-chlorohydrin (3) and
the p-chlorohydrin (4) in Dulbecco’s Modified Eagle
Medium (high glucose), pH 7.35. The procedure described
for the reaction of the a-epoxide with simulated gastric
juice at 37 C was followed in detail, except that the
aqueous medium was Dulbecco’s Modified Eagle Medium

(high glucose) rather than simulated gastric juice. Each:

chlorohydrin (~24 mg) was injected into the medium in
a separate experiment, and product analysis was per-
formed as described.

Measurement of the stability of a-chlorohydrin (3) in
phosphate buffer, pH 7.44. a-Chlorohydrin (21.1 mg) in
2-propanol (1500 L) was injected into 75 ml of phosphate
buffer at 36 C, and product isolation and measurement
were carried out as described above for the reaction of
a-epoxide in simulated gastric juice.

Gas chromatography (GC). Analyses were performed
as described (14).

Liquid chromatography (HPLC). The instrumentation
used, including a flame ionization HPLC detector, has
been described (35). Normal phase separations were per-
formed on a 3.9 mm X 30 cm, 10 ym p-Porasil column
(Waters Associate, Framingham, MA) at ambient tem-
perature. Separations of the four compounds of interest
were achieved with a gradient solvent system at a total
flow rate of 1.5 mL/min. The mobile phase consisted of
solvent A, which was hexane/2-propanol (100:3, v/v), and
solvent B, which was 2-propanol. At injection and for 10
min thereafter, the mobile phase was 100% A. The sol-
vent composition then was changed linearly over a period
of 10 min to 50% A and 50% B, stayed at that composi-
tion for five min and then changed linearly over a period
of five min to 100% A to reach the starting point for the
next analysis.

Thin layer chromatography. Before use, plates were
washed by development with chloroform:methanol (2:1,
v/v) and activated overnight in an air oven at 110 C.
Spotted 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 produce
maximum color display of the cholesterol oxidation prod-
ucts, followed by complete charring at 220 C.

RESULTS AND DISCUSSION

Addition of hydrogen chloride to a-epoxide (1) and to -
epoxide (2) gave a-chlorohydrin (3) and p-chlorohydrin (4),
respectively (Scheme 1).

Observation of the progress of the reaction in simulated
gastric juice required analytical means to distinquish be-
tween the three expected components of these mixtures
and to measure their concentrations. The components of
interest were the epoxide and its corresponding chloro-
hydrin as well as triol (5).

The a-epoxide and its chlorohydrin were not resolvable
by TLC with any of the several developing solvents tried.
They gave single peaks by isocratic, normal phase HPLC
and by capillary GC with or without prior silylation. Gra-
dient, normal-phase HPLC gave excellent resolution of
the three compounds of interest and the internal stan-
dard, 25-hydroxycholesterol (Fig. 1), with the use of a
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FIG. 1. Gradient HPLC of a four component mixture with FID detec-
tion (see Experimental). Peaks: (1) 5-cholestene-33, 25 diol, (2) cho-
lesterol 5a,6a-epoxide, (3) 68-chlorocholestane-38, 5a-diol, (4) 5a-
cholestane-34,5,6a-triol.

FID. The initial mobile phase was hexane/2-propanol
(100:3, v/v) the polarity of which was increased linearly
with 2-propanol. Response factors and linearity of re-
sponse over a concentration range of 100 ug-0.39 ug per
100 uL were determined as reported (35) and permitted
measurement of the relative concentrations of the com-
ponents in the mixture from their area counts.

The p-epoxide and its chlorohydrin were readily re-
solved by TLC but not by GC. The gradient, normal-phase
HPLC procedure developed for the a-epoxide and derived
compounds was used without change to analyze mixtures
of p-epoxide, p-chlorohydrin and triol, again with 25-
hydroxycholesterol as internal standard.

Human gastric juice contains a variety of organic and
inorganic constituents. The current study was confined
to a simulated gastric juice consisting of an aqueous solu-
tion of hydrochloric acid and sodium chloride that approx-
imates the concentration of these components in
stimulated human gastric juice (36). A comparison of the
cited composition and that of the present study is shown
in Table 1.

Injection of the substrates (either of the two epoxides
or either of the two chlorohydrins) into the vigorously
stirred simulated gastric juice at 37 C was carried out
slowly to minimize particle size of the resulting suspen-
sions. Nevertheless, individual suspended particles were
clearly visible and did not appear to change during the
course of the reaction. Concentrations of the substrate
in 75 ml reaction medium were chosen so that injection
of 100 uL of an extract of each 5 ml aliquot produced a
sizable signal on the HPLC-FID detector.

In early experiments, each 5 ml aliquot removed from
the reaction mixture was immediately neutralized with
concentrated sodium hydroxide to a phenolphthalein end-
point before the mixture was extracted with ethyl acetate.
It was discovered, however, that this led to erroneous pro-
duct compositions. Because the chlorohydrins are highly
sensitive to base that converts them to epoxides, fleeting

TABLE 1

Composition of Gastric Juice

Simulation Simulated human
Component of this study? gastric juice
HC1 99.6 mM 0-135 mM
Cl- 170 mM 131-170 mM
Na* 70.3 mM 19-70 mM
pH 1.22 1.2-2.0
@Solution in double-deionized water.
bRef. 36.
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FIG. 2. Reaction of cholesterol 5a,6a-epoxide (a-epoxide) in simulated
gastric juice at 37 C. (O) a-epoxide, (O) a-chlorohydrin, (1) triol.

local concentrations of base during the neutralization pro-
cedure gave unrealistically high concentrations of epox-
ides and low concentrations of chlorohydrins in these ali-
quots of the reaction mixture. The same sensitivity to
base accounts for the presence of low concentrations of
a-epoxide in the synthesized a-chlorohydrin where a neu-
tralization step also is involved (see Experimental). The
p-chlorohydrin is somewhat less sensitive to base-cata-
lyzed dehydrohalogenation, so the synthesized p-chloro-
hydrin could be obtained free of contaminating f-epoxide.
In the experiments reported here, neutralization with base
before extraction was avoided (see Experimental).

The course of the reaction of the a-epoxide in simulated
gastric juice is shown in Figure 2.

During the first two hr, the a-epoxide concentration
decreased to less than 15%, and after four hr its concen-
tration was less than 4%. Most foods are considered to
have a residence time of two to four hr in the stomach
(37). While the a-epoxide concentration decreased, the a-
chlorohydrin concentration reached a maximum after
about one hr and then decreased. Meanwhile the triol con-
centration increased steadily. The simultaneous decrease
of the a-epoxide and the a-chlorohydrin accompanied by
a steady increase in triol led to the expectation that a
substantial portion of the a-chlorohydrin reacted further
in the acid, aqueous medium to form triol. To test this
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TABLE 2

Hydrolysis of a-Chlorchydrin and p-Chlorohydrin
in Simulated Gastric Juice at 37 C

TABLE 3

Stability of Chlorohydrins in Growth Medium (pH 7.35)2 at 37 C

a-Chlorohydrin p-Chlorohydrin Epoxide (%) Chlorohydrin (%) Triold (%)
Time Chlorohydrin Epoxide Triol® Chlorohydrin Epoxide Triol® .
br) (%) %) (%) (%) @) () Tmeln e A « B B
0.0 93.4 3.0 3.6 99.2 - 0.8 0.0 4.6 0.7 936 989 1.8 04
0.5 69.3 43 264 96.7 - 3.3 0.5 28.5 55  69.4 934 21 11
1.0 51.6 33 451 92.8 - 7.2 1.0 32.4 73 65.7 91.2 19 15
2.0 30.6 2.2 672 89.0 — 110 2.0 336 101 645 875 19 24
3.0 18.2 1.3 805 85.4 — 146 7.0 382 169 593 784 25 47
4.0 16.0 09 831 84.3 - 157 24.0 468 321 503 595 2.9 84
7.0 6.9 05 926 8.6 — 214

aThe same triol is formed from both chlorohydrins.
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FIG. 3. Reaction of cholesterol 53,65-epoxide (5-epoxide) in simulated
gastric juice 37 C. (O) f-epoxide, (O) f-chlorohydrin, (+) triol.

hypothesis, a-chlorohydrin was suspended in simulated
gastric juice at 37 C. Results are shown in Table 2. It is
apparent from these data that the a-chlorohydrin was in-
deed converted rather rapidly to triol. The small amount
of a-epoxide that was present in the starting material as
an impurity, was also mostly converted to triol. This lat-
ter conversion probably occurs via the a-chlorohydrin and
directly, as well.

Exposure of the p-epoxide to the action of simulated
gastric juice at 37 C caused a very rapid disappearance
of epoxide from the mixture, as shown in Figure 3. The
p-chlorohydrin peaked at only 1/2 hr into the experiment
after it had reached the 20% level and then tapered off
gradually, while the triol concentration rose steeply dur-
ing the first hour. These data seem to indicate that much
of the p-epoxide is converted directly to triol without the
intermediacy of the -chlorohydrin. The rapid hydration
of the p-epoxide at pH 5.5 had been observed and
measured earlier (14). Exposure of the p-chlorohydrin to
simulated gastric juice at 37 C (Table 2) confirmed that
the hydrolysis of the p-chlorohydrin was much slower
than that of the a-chlorohydrin.

@Dulbecco’s Modified Eagle Medium (high glucose).
bThe same triol is formed from both chlorohydrins.

TABLE 4

Stability of a-Chlorohydrin in Growth Medium (pH 7.35)
and in Phosphate Buffer (pH 7.44), 37 C

T a-Epoxide (%)  a-Chlorohydrin (%) Triol (%)

ime

(hr) pH 7.35 pH 7.44 pH 7.35 pH 7.44 pH 7.35 pH 7.44
0.0 4.6 8.5 93.6 90.6 1.8 0.9
0.5 28.5 33.2 69.4 63.5 2.1 3.2
1.0 32.4 32.9 65.7 64.4 1.9 2.7
2.0 33.6 37.6 64.5 59.9 1.9 2.5
4.0 36.2 39.3 61.5 58.2 2.3 2.5
7.0 38.2 42.2 59.3 54.9 2.5 2.9

24.0 46.8 41.3 50.3 49.8 2.9 2.9

Stability of the isomeric chlorohydrins to mildly alka-
line aqueous media is of concern, if their physiological
activity is to be measured. Each of the chlorohydrins
separately was placed into Dulbecco’s Modified Eagle
Medium (high glucose), which had a measured pH of 7.35.
Results are shown in Table 3. It is clear that both chloro-
hydrins were converted to their respective epoxides at a
very significant rate in this mildly alkaline medium. The
conversion rate of the a-chlorohydrin appeared to be
somewhat more rapid than that of the g-chlorohydrin, and
surprisingly, a small amount of the latter was hydrolyzed
to triol. Because this growth medium is a complex mix-
ture of organic and inorganic ingredients, it was desirable
to test the question whether dehydrohalogenation of the
chlorohydrins was due to pH or possibly due to one or
more of the components of the medium. Some of the a-
chlorohydrin was suspended in phosphate buffer (pH 7.44)
at 37 C, and the composition of the mixture was analyzed.
The results are shown in Table 4 where the data at pH
7.35 (growth medium) and pH 7.44 (phosphate buffer) are
compared. The similarity of the data in the two media con-
firms that the effect is due to pH rather than an ingre-
dient of the growth medium. The comparison also serves
as an indication of the reproducibility of the analytical
procedure used in these experiments.



REACTION OF CHOLESTEROL EPOXIDES WITH GASTRIC JUICE

REFERENCES

10.
11.
12.
13.
14.
15.
16.
117.
18.

. Smith, L.L. (1981) Cholesterol Autoxidation, Plenum Press, New

York.

. Maerker, G. (1987) J. Am. Oil Chem. Soc. 64, 388-392.
. Addis, P.B., Csallany, A.S., and Kindom, S.E. (1983) in ACS

Symposium Series No. 234 (Finley, J.W., and Schwass, D.E.,
eds.) pp. 85-98, American Chemical Society, Washington, D.C.

. Imai, H., Werthessen, N.T., Subramanyam, V., LeQuesne, P.,

Soloway, A.H., and Kanisawa, M. (1980) Science 207, 651-653.

. Kelsey, M.1,, and Pienta, R.J. (1979) Cancer Lett. 6, 143-149.
. Kelsey, M.1L, and Pienta, R.J. (1981) Toxicol. Lett. 9, 177-182.
. Hill, J.C., Peng, S.-K., Morin, R.J., and Taylor, C.B. (1984) Exp.

Mol. Pathol. 41, 249-2517.

. Peng, S.-K., and Taylor, C.B. (1984) in World Review of Nutri-

tion and Dietetics (Bourne, G.H., ed.) Vol. 44, pp. 117-154, S.
Karger, Basel.

. Peng, S.-K., Taylor, C.B., Hill, J.C., and Morin, R.J. (1985)

Atherosclerosis 54, 121-133.

Peng, S.-K., Morin, R.J., Tham, P., and Taylor, C.B. (1985)
Artery 13, 144-164.

Sevanian, A., and Peterson, A.R. (1984) Proc. Natl. Acad. Seci.
USA 81, 4198-4202.

Smith, L.L., Smart, V.B., and Made Gowda, N.M. (1986) Mutat.
Res. 161, 39-48.

Raaphorst, G.P., Azzam, E.I, Langlois, R., and VanlLier, J.E.
(1987) Biochem. Pharmacol. 36, 2369-2372. )
Maerker, G., and Bunick, F.J. (1986) J. Am. Oil Chem. Soc. 63,
T71-7117.

Park, S.W., and Addis, P.B. (1986) J. Agric. Food Chem. 34,
653-659. .
Bascoul, J., Domerque, N., Ole, M., and Crastes de Paulet, A.
(1986) Lipids 21, 383-3817.

Finocchiaro, E.T., and Richardson, T. (1983) J. Food Prot. 46,
917-925.

Tsai, L.-S., and Hudson, C.A. (1985)J. Food Sci. 50, 229-231, 2317.

19.
20.
21.

22.
23.

24.
25.
26.
217.

28.
29.

30.
31.

32.

33.
34.

35.
36.

31.

Missler, S.R., Wasilchuk, B.A., and Merritt, C. Jr. (1985) J. Food
Sci. 50, 595-598, 646.

Fischer, K.-H., Laskawy, G., and Grosch, W. (1985) Z. Lebensm.
Unters. Forsch. 181, 14-19.

Sugino, K., Terao, J., Murakami, H., and Matsushita, S. (1986)
J. Agric. Food Chem. 34, 36-39.

Csiky, 1. (1982) J. Chromatog. 241, 381-389.

Luby, J.M., Gray, J.1, Harte, B.R., and Ryan, T.C. (1986) J.
Food Sci. 51, 904-907, 923.

Finocchiaro, E.T., Lee, K., and Richardson, T. (1984) J. Am. Oil
Chem. Soc. 61, 877-883.

Lee, K., Herian, A.M., and Higley, N.A. (1985) J. Food Prot. 48,
158-161.

Higley, N.A., Taylor, S.L., Herian, A.M., and Lee, K. (1986) Meat
Sci. 16, 175-188.

Barton, D.H.R., and Miller, E. (1950) J. Am. Chem. Soc. 72,
370-374.

Rivett, D.E.A., and Wallis, E.S. (1950) J. Org. Chem. 15, 35-41.
Windaus, A. (1921) Hoppe-Seyler's Z. Physiol. Chem. 117,
146-155.

Baxter, R.A., and Spring, F.S. (1943) J. Chem. Soc., 613-615.
Plattner, P.A., and Lang, W. (1944) Helv. Chim. Acta 27,
1872-1875.

Fieser, L.F., and Rajagopalan, S. (1949) J. Am. Chem. Soc. 71,
3938-3941.

Davis, M., and Petrow, V. (1949) J. Chem. Soc., 2536-2539.
Chicoye, E., Pourie, W.D., and Fennema, O. (1968) Lipids 3,
335-339.

Maerker, G., Nungesser, E.H., and Zulak, I.M. (1988) J. Agric.
Food Chem. 15, 61-63.

Leach, A.A. (1961) in Biochemists’ Handbook (Long, C., ed.) pp.
911-914, D. Van Nostrand Company, Inc., Princeton, NJ.
Hawk, P.B., Oser, B.L., and Summerson, W.H. (1954) in Prac-
tical Physiological Chemistry, 13th edn., p. 368, McGraw Hill
Book Co., New York.

[Received February 8, 1988; Revision accepted April 15, 1988]



