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In a standard developmental toxicity study, a mixture
of vegetable oil-derived stanol fatty acid esters was ad-
ministered in the diet to groups of 28 mated female
HsdCpb:WU Wistar rats at concentrations that provided
0, 1, 2.5, and 5% total stanols (equivalent to 0, 1.75, 4.38,
and 8.76% plant stanol esters). Test diets were adjusted
with rapeseed oil to maintain an equivalent caloric con-
tent of fatty acids at each of the treatment levels. The
treatment period extended from day 0 to 21 of gestation.
No compound-related toxicity or clinical effects were
seen in any of the treated groups. No statistically signif-
icant differences were seen in body weights or body
weight gain in the low- or mid-dose groups, although
slight but statistically significant decreases in mean
body weight relative to controls were seen at gestation
days 7 and 14 in the high-dose group. The decreases in
body weight in the high-dose group may be attributable
to the virtual lack of absorption of the dietary stanols.
Body weight gains were equivalent to controls through-
out the study except for a statistically significant de-
crease seen only in the 0- to 7-day gestation period in the
high-dose group. No significant effects were seen on food
consumption in terms of g/rat/day, but a slight, statisd-
cally significant increase was seen in the mid-dose group
during gestation days 7-14. A significant increase was
seen in the high-dose group during the 7- to 21-day pe-
riod of gestation. Reproductive performance was not
affected by the treatment. There were no statistically
significant differences in uterine weight, placental
weight, fetal weight, number of fetuses, number of im-
plantation sites, number of corpora lutea, and early/late
resorptions between the treated and control groups. In
addition, there was no biologically meaningful effect on
fetal sex ratlo. Visceral and skeletal examinations did
not show any significant increases in the incidence of
malformations, anomalies, or variations that were con-
sidered to be treatment related. Dietary plant (8.76%
plant stanol esters) stanol esters at concentrations up to
5% total stanols were concluded to have no adverse ef-
fects on reproduction or development. © 1908 Acsdemic Pross

' To whom correspondence should be addressed.

INTRODUCTION

Stanols are prepared from the hydrogenation of nat-
urally occurring, mixed plant sterols that are found in wood
(tall oil) and various vegetable oils. The conversion of the
sterols to the corresponding stanols reduces their gastro-
intestinal absorption to negligible levels and increases
their effectiveness at inhibiting cholesterol absorption
(Heinemann et al., 1991). For use in the commercial prod-
uct, stanol esters are prepared by interesterification of
stanols with the fatty acids of vegetable oils such as
canola oil to improve their solubility in fats.

Stanol fatty acid ester mixtures derived from wood
(tall oil) or vegetable oil have been used in Finland for
some years in margarine spreads produced by the Rai-
sio Group to help reduce serum total cholesterol and
LDL cholesterol levels. The rationale for the use of
plant stanol esters is that they can contribute to main-
tenance of cardiovascular health by reducing choles-
terol absorption from the diet and from bile, with vir-
tually no potential for absorption or having any
undesirable pharmacological or toxicological effect.

The principal saturated stanol esters are mixed fatty
acld esters of the 5Sa-stanols, sitostanol and campestanol.
Sitostanol (24-ethylcholestan-3-ol, CAS No. 19466-47-8)
is formed by the hydrogenation of the A°*-mono-unsatur-
ated plant sterol, sitosterol (24-ethylcholest-5-en-33-0l,
CAS No. 83-46-5), and also by the complete hydrogena-
tion of the A*#-di-unsaturated plant sterol, stigmasterol
(24-ethylcholest-5,22-dien-38-ol, CAS No. 83-48-7), hence
the alternative name “stigmastanol.” Campestanol (24-
methylcholestan-38-ol) is formed by the hydrogenation of
the A°-mono-unsaturated plant sterol, campesterol (24-
methylcholest-5-en-38-ol, CAS No. 474-62-4).

The structures of sitostanol, of its immediate precur-
sors sitosterol and stigmasterol, of campestanol, and of
its immediate precursor campesterol are shown in Fig.
1. The structure of cholesterol, which differs from
campesterol and sitosterol by the presence of a single
methyl or ethyl group in the side chain, respectively, is
shown for comparison.
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There is growing interest in utilization of plant-de-
rived sterols and stanols to help reduce serum choles-
terol levels in humans. Cholesterol-lowering effects of
plant-derived sterol and stanol mixtures were seen in
studies with 22 subjects who were fed diets with or
without 21.2 mg/kg body wt tall oil-derived sterols that
contained 21% of the saturated sterol sitostanol (Jones
et al., 1998). The subjects were given either the sup-
plemented or placebo diets over two 10-day periods in a
randomized crossover study design. Total cholesterol
and low-density lipoprotein cholesterol levels were sig-
nificantly reduced (P = 0.01) in subjects given the
plant-derived sterol/stancl mixtures versus the placebo
group. Sitostanol levels were essentially undetectable
in plasma, indicating that there is a low potential for
absorption of plant stanols. A review of the physiological
effects of plant sterols in human diets by Jones et al. (1997)
concluded that plant sterols inhibit the absorption of cho-
lesterol. However, there was a greater reduction of plasma
cholesterol levels from consumption of the saturated plant
stanols such as sitostanol in comparison to lesser effects
produced by unsaturated plant sterols (e.g., sitosterol or
campesterol). Results from a parallel, double-blind study
with 55 hypercholesterolemic subjects by Hallikainen

HO

Campestanol

Structure of cholesterol and some plant sterols.

and Uusitupa (1999) confirmed the cholesterol-lowering
effects noted by Jones et al. (1998) in dietary studies with
margarine fortified with plant stanol esters. In groups
that consumed stanol-ester-fortified margarine for 8
weeks, researchers observed statistically significant de-
creases in comparison to controls for serum total choles-
terol from 8.1 to 10.6% and in LDL cholesterol from 8.6 to
13.7% with two different plant stanol esters. They con-
cluded that lowfat plant stanol-ester-foritified marga-
rines are effective cholesterol-lowering products that pro-
duce clinjcally significant reductions in serum cholesterol
that were greater than obtained by a lowfat diet alone.

As part of a comprehensive safety assessment of
plant stanol fatty acid esters, pregnant rats were fed
diets containing increasing amounts of stanol esters for
determination of potential effects upon maternal and
developmental toxicity.

MATERIALS AND METHODS

Animals

Male and virgin female SPF Wistar outbred rats (Hsd/
Cpb:WU) were obtained from Harlan Netherlands B.V,,
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Horst, The Netherlands. Rats were quarantined and ac-
climated for a total of 11 days in groups of 4 rats/sex/cage.
The animal room was maintained at a temperature at
22 £ 3°C, a relative humidity range of 47-88%, and a
12-h light/dark cycle. At the start of mating the females
were at least 12 weeks of age and their mean body
weights ranged between approximately 241 and 248 g.

Diets and Test Materials

Feed and water were supplied ad /ibitum throughout
the study and food consumption was determined
weekly. During the acclimatization period rats were
fed a defined powdered diet obtained from Special Di-
ets Services, Witham, England. The plant stanol ester
product was fed to the rats in the same diet that was
supplemented with rapeseed oil to equalize the energy
contribution from the fatty acids in the diets with vary-
ing amounts of the stanol esters. A total of 3.68% total
fatty acids from rapeseed oil and the test substance
was maintained in all control and test diets with the
assumption that both the test substance-derived fatty
acids and rapeseed oil provide 9 kcal/g. The diets con-
tained 0, 1, 2.5, or 5% total stanols (corresponding to 0,
1.75, 4.38, and 8.76% of the stanol ester test material.
All test diets were maintained refrigerated at 2-10°C.

The fortified test diets were analyzed for stability,
content, and homogeneity of the test substance. The
analytical procedure involved acid hydrolysis, extrac-
tion into petroleum ether, alkaline hydrolysis of the
dried ether extracts, derivatization, and quantification
by GC/FID. Recovery of the stanol from fortified diets
varied within a range of 96.7 to 97.9% for the three test
diets. The test substance was found to be stable in the
diet for at least 7 days at room temperature and for at
least 39 days refrigerated at 2-10°C. Analyses showed
that the stanol ester was homogeneously distributed in
the diets with a coefficient of variation of <4% for five
samples of each diet. The actual versus intended con-
tent of total stanols in the three test diets varied from
91.8 to 97.5%. Table ! summarizes the nutrient con-
tent of the diets used during the study.

The test substance was a grayish-white waxy solid
consisting of stanol fatty acid esters derived from veg-
etable oil precursors obtained from Raistion Tehaat OY
AB, Raisio, Finland. The sample identified as Sito-70
stanol ester contained 57.08% total stanols/100 g fat
(68% sitostanol, 30% campestanol, 2% unsaturated ste-
rol), 41.96% fatty acids, and 2% unsaturated sterols
and unknowns. Approximately 93.4% of the esterified
groups was C-18 fatty acids, with 3.6% C-16, 2.1%
C-20, and 0.9% other fatty acid esters. The purity of the
test sample was approximately 99%.

Experimental Design

The study was performed according to OECD Guide-
line 414 and was in compliance with OECD Principles

TABLE 1

Compositional Analysis of Rat Chow

Nutrient Found analysis*
Moisture 9.6-11.6%
Crude fat 4.1-4.8%
Crude protein 22.5-23.5%
Crude fiber 4.2-4.9%
Ash 6.4-6.8%
Calctum 0.95-1.02%
Phosphorus 0.77-0.80%
Sodium 0.29-0.31%
Chiloride 0.47-0.56%
Potassium 0.71-0.80%
Magnesium 0.22-0.23%
Iron 145-184 mg/kg
Copper 15-19 mg/kg
Manganese 68-70 mg/kg
Zinc 60-68 mg/kg
Vitamin A 9.8-16.3 mg/kg
Vitamin E 55-109 mg/kg

“ Values are ranges for two batches of rat chow.

of Good Laboratory Practices by TNO Nutrition and
Food Research Institute, Zeist, The Netherlands. For
mating, two females were housed with one male until
vaginal examinations each morning revealed that cop-
ulation had occurred by observing the presence of
sperm cells in a vaginal smear. The day that observation
was made was considered to be gestation day 0 and
females were housed individually for the remainder of
gestation. The mated females were distributed over the
control and treatment groups such that the rats that
became pregnant on the same day were equally distrib-
uted over all groups. Females impregnated by the same
male were placed in different treatment groups.

The test article was given in the diet to 28 rats per
dose group from day 0 to 21 of gestation. All rats were
examined twice daily and once on weekends and holi-
days for pharmacologic or toxicologic signs and for mor-
tality. Body weights of the pregnant rats were recorded
on days 0, 7, 14, and 21 of gestation. The quantity of
food consumed by each animal was measured during
gestation days 0-7, 7-14, and 14-21. Rats were sacri-
ficed on day 21 of gestation following ether anesthesia
and examined for gross abnormalities. The uteri and ova-
ries of all females were examined for the number of corporal
lutea, number of implantation sites, number of early and
late resorptions, number of live and dead fetuses, sex of
fetuses, number of grossly visible malformed fetuses, and
fetuses with external abnormalities. Weights were re-
corded for ovarles, uterl containing the placentas and
fetuses, uteri empty, fetuses, and placentas.

Each fetus was examined for external anomalies and
for sex. Half of the fetuses in each litter were fixed in
Bouin's fixative and subsequently examined for soft-
tissue anomalies according to a modification of a
method described by Barrow and Taylor (1969). The
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TABLE 2

Body Weight, Body Weight Gain, and Food Consumption of Female Wistar Rats Fed Diets
Containing up to 5% Plant Stanols during Days 0-21 of Gestation

Dietary percentage of plant stanols (% stanol esters)

Parameter® (day/period) 0 1{1.79) 2.5 (4.38) 5 (8.76)
Number of pregnant rats 25 28 26 25 (249
Mean body weight (g)

Day
0 247.56 = 2.45 246.07 = 1.91 245.28 > 2.06 240.97 = 1.94°
7 279.26 = 2.70 277.71 = 2.01 27592 = 2.28 270.07 + 2.63*
14 310.07 = 2.77 309.03 = 2.20 306.45 = 2.35 300.30 = 3.08*
21 330.83 £ 3.04 331.08 = 2.90 327.05 = 3.32 322.82 = 4.01
Mean body welght gain (g)
Days
0-7 31.70 = 1.31 31.65 £ 0.94 3065 = 1.07 27.71 = 1.12™
7-14 3081 = 1.36 31.32 £ 0.66 30.52 = 0.92 30.23 = 0.91
14-21 20.76 = 1.55 22.05 * 1.86 20.61 = 1.82 22.52 £ 2.80
Mean food intake (g/kg body wt/day)
Days
0-7 69.48 = 0.94 69.39 = 0.84 70.92 = 0.91 70.42 = 0.80°
7-14 66.17 £ 0.74 67.62 = 0.67 69.20 = 0.87* 71.14 £ 0.77**
14-21 4364 = 0.91 4466 = 1.05 45.72 = 1.10 48.42 = 1.67*
Test substance intake (g total
stanols/kg body wt/day)*
Days
0-7 — 0.7 (1.2°¢ 1.8 (3.1) 35(6.2)
7-14 — 0.7(1.2) 1.7(3.0 3.6 (6.2)
14-21 - 0.4 (0.7 1.4 (2.0) 2.4(4.2)

* Values are means * SE.
* One animal weight was not used in calculations.

‘ Values in parentheses are for intake expressed as g stanol ester product/kg body wt/day.

*P<005 ** P<0.00l.

other half of the fetuses/litter were fixed in 70% etha-
nol, partially eviscerated, and then cleared in potas-
sium hydroxide, stained with Alizarin Red S, and ex-
amined for skeletal anomalies.

Statistical Analysis

Statistical evaluations of the equality of means for
body weights, body weight gain, organ weights, and
food consumption data were performed by a one-way
analysis of variance (ANOVA) followed by Dunnett's
multiple-comparison test. Clinical findings and feto-
pathological data were evaluated by Fisher's exact
probability test. Differences in the number of pregnant
females and females with live fetuses were evaluated
using Fisher's exact probability test. Numbers of cor-
pora lutea, implantations, live and dead fetuses, and
early and late resorptions were evaluated by Kruskal-
Wallis nonparametric analysis followed by the Mann-
Whitney U test.

RESULTS

Maternal Observations

Diets containing up to 5% stanols (8.76% plant sta-
nol esters) were well tolerated. Daily clinical observa-

tions during the gestation period did not reveal any
adverse findings in the rats’ appearance, general con-
dition, or behavior in any of the groups. No mortalities
occurred in the control or stanol ester-treated groups.
Mean body weights and body weight gain of pregnant
females during gestation were nat significantly differ-
ent from the control values throughout the study in the
groups fed 1 and 2.5% total stanols. In the group fed 5%
stanols a significant reduction in mean body weight
relative to controls was observed at gestation days 7
and 14 but not at day 21 (Table 2). Body weight gains
were not significantly different from control values for
any group throughout gestation except for a small but
statistically significant decrease at days 0-7 for the
high-dose group (Table 2).

Food consumption (expressed as g/animal/day) showed
no significant differences from controls. A small but
statistically significant increase in food consumption
(expressed as g/kg body wt/day) was seen in the mid-
dose group during gestation days 7-14 and in the high-
dose group during gestations days 7-14 and 14-21.
Intake of the test substance calculated from the food
consumption data expressed as g total stanols/kg body

‘wt/day showed no rernarkable differences except for

moderate decreases in the dose of the test substance
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TABLE 3
Reproductive Performance of Female Wistar Rats Fed Diets Containing up to 5%
of Plant Stanols during Days 0-21 of Gestation
Dietary percentage of plant stanols (% stanol esters)
Parameter 0 1 (1.79) 2.5 (4.38) 5 (8.76)

Females Mated 28 28 28 28

Dellvered prematurely (n) 0 0 0 0
Pregnant at necropsy (n) 25 28 26 25

With live fetuses (n) 25 28 26 25

With no viable fetuses 0 0 0 0
Corpora lutea (n/rat)* 14.28 * 0.35 14.14 = 0.32 13.73 £ 0.34 13.36 £ 0.29
Implantation sites (r/rat)* 13.36 £ 0.37 13.11 = 0.42 12.65 = 0.35 12.28 = 0.50
Preimplantation loss (%/rat)*® 6.29 + 1.62 7.57 £ 1.73 7.71 £ 1.58 8.40 = 3.14
Live fetuses (n/rat)* 13.04 = 0.36 12.75 £ 0.486 12.35 = 0.36 12.12 = 0.51
Postimplantation loss (%/rat)*¢ 2.21 =097 283 =139 2.56 = 0.80 1.30 = 0.91
Dead fetuses (r/rat) 0 : 0 0 0
Resorptions total (n/rat)’ 032=x0.14 0.36 = 0.19 0.31 = 0.09 0.16 = 0.11
Resorptions early (n/rat)* 032 x0.14 032 =0.19 0.31 = 0.09 0.16 = 0.11
Resorptions late (m* 0.00 0.04 = 0.04 0.00 0.00
Total number of fetuses (n) 326 357 321 303

Male fetuses (%) 57 47 49 56

Female fetuses (%) 43 53¢ 51 44
Gravid uterus (@)* 76.95 = 1.72 75.29 = 2.05 73.40 = 1.77 71.92 = 2.31
Empty uterus (g)* 512016 491 = 0.15 485 *0.14 481 £ 0.14
Ovartes (g)* 0.11 = 0.006 0.11 = 0.004 0.11 £ 0.004 0.11 £ 0.004
Placenta weight: All fetuses (g)* 0.54 £ 0.01 0.53 £ 0.01 0.56 = 0.01 0.55 0.0l
Body weight of viable fetuses (g)* 4.29 £ 0.06 433 = 0.08 4.37 £ 0.07 434 £0.09

Male fetuses (g)* 4.38 = 0.06 4.43 £ 0.09 4.49 = 0.07 445 x0.10

Female fetuses (g)* 418+ 0.06 4.24 £ 0.08 4.26 £ 0.07 421 £0.08

* Values are means + SE.

® Preimplantation loss = [number of corpora lutea — number of implantations sites)/number of corpora lutea] % 100.
‘ Postimplantation loss = [number of implantation site — number of live fetuses)/ number of implantation sites} x 100.

* P < 0.05, Fisher's exact test.

ingested at gestation days 14-21 in all three dose
groups (Table 2).

All of the females were sacrificed on day 21 of gesta-
tion. At caesarian section, 25, 28, 26, and 25 females of
the total of 28 mated rats in the control and low-, mid-,
and high-dose groups were pregnant (Table 3). Gross
examinations of the maternal organs and tissues did
not reveal any significant or treatment-related differ-
ences among the stanol-ester-treated and control
groups.

Reproductive Performance

Reproductive performance data are summarized in
Table 3. Pregnancy rates for all treatment groups were
the same or slightly higher than in the controls. There
were no statistically significant differences between
the control group and groups given increasing amounts
of stanol esters in the diet in the number of corpora
lutea, number of implantations, number of live and
dead fetuses, and number of early and late resorptions
or in pre- and postimplantation loss. There were no
statistical differences in the weights of the ovaries,
gravid and empty uteri, or placentas in comparison to

control and treated groups. The percentages of males
and females were similar for all groups, although there
was a slight but significant decrease in the number of
male fetuses as well as a corresponding slight but
significant increase in the number of female fetuses at
the lowest dose level. This difference was not consid-
ered to be treatment related because sex ratios at
higher doses were comparable to the control.

Fetal Examination

At caesarian section, a total of 1307 live fetuses were
examined in 104 litters for external abnormalities.
Mean fetal body weights categorized by sex and for
combined sexes were not significantly different from
control for any treatment group. Placental weights
were similar to controls for all groups (Table 3). No
differences in the number or type of external malfor-
mations were noted in fetuses in the control and treat-
ment groups. In one female of the control group and
two females of the mid-dose group, two placentas were
fused but these findings were not statistically signifi-
cant and were not considered treatment related.

No increases in visceral malformations were ob-
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TABLE 4

Visceral Malformations, Anomalies, and Variations in Wistar Rats Fed Diets Containing
up to 5% of Plant Stanols during Days 0-21 of Gestation

Dietary percentage of plant stanois (% stanol esters)

Parameter’ 0 1 (1.75) 2.5 (4.38) 5 (8.76)

Fetuses (litters) examined 157 (25) 170 (28) 152 (26) 146 25)
Malformations total 4(2) 0 (0) 0 (0] 0 0)
Brain: hydrocephaly 1 () 0 (0) 0 (0)] 0 0)
Kidneys: hydronephrosis 3(1) 0 0 (0) 0 0)

Anomalies total 30 (13) 28 (12) 7*** (5)* 8*** (5)*
Dilated esophagus 0 0(0) 0 Q) 1 )]
Dilated urinary bladder 24 (10) ?4 (11) 4*** (3)* 6** (4)
Ureters, hydroureter 10 (5) 5(2) 3 2 2* (2)
Variations total 26 (14) 32 (16) 23 (11) 15 (8)
Stomach distended 1(1) 0(0) 0 (0) 0 (0)
Stomach with hemorrhagic fluid 9 (6) 6 (4) 7 (5 7 (5)
Kidney: Increased renal pelvic cavitation 13 (8) 20 (11) 12 ) 5 4)
Ureters: Bent 6 (5) 10 (6) 12 M 94 (4)

‘ Values are incidences in fetuses (litters).
*P<0.05 * P<0.01, *** P<0.001.

served in the fetuses of groups fed with stanol esters
(Table 4). The incidence of visceral anomalies showed a
statistically significant decrease in the total number of
fetuses with anomalies due to a decrease in the inci-
dence of fetuses with dilated urinary bladders in the
mid- and high-dose groups in comparison to the con-
trols. There was also a dose-related decrease in the
incidence of fetuses with hydroureter that was signifi-
cantly lower than the control at the high-dose level.
Although these results showed a dose-related decrease
between the concentration of rapeseed oil in the diet
and dilated urinary bladder and hydroureter, there are
no reports in the literature that describe a relationship
between fetal developmental abnormalities and high
concentrations of rapeseed oil. Also, the incidence of
dilated urinary bladder and hydroureter in the control
and low-dose groups was outside the upper limits of the
historical control range of the testing facility. The num-
ber and type of visceral variations seen were consid-
ered to be typical for rats and no significant differences
were noted among the control and treated groups.

A total of 682 live fetuses from 104 litters were
examined for skeletal malformations, abnormalities,
and variations (Table 5). In 3 fetuses of 2 litters of the
low-dose group, missing ribs were observed. No other
skeletal malformations were abserved in the control or
higher dose groups. No significant increases in skeletal
anomalies were observed in the stanol-ester-treated
groups. Skeletal anomalies were observed in 1 fetus in
the low-dose group that had wavy ribs, 1 fetus that had
separated sternebrae, and 1 fetus that had a few ribs
with reduced size. No significant differences were
found in skeletal variations in any of the treated
groups and the variations noted were considered to be
typical observations in rat studies.

Variations in ossification were significantly greater
than controls in the high-dose group that had a higher
incidence of fetuses with incompletely ossified frontalis
and extra caudal bodies. Significant differences were
also seen in the mid-dose group for increased incidence
of incompletely ossified frontalis and a decreased inci-
dence of ossification of proximal phalanges of the front

TABLE 5
Skeletal Malformations, Anomalies, and Variations
in Wistar Rats Fed Diets Containing up to 5% of Plant
Stanols during Days 0-21 of Gestation

Dietary percentage of plant stanols
(% stanol esters)

Parameter’ 0 1(1.75) 2.5(4.38) 5 (8.76)
Fetuses (litters) examined 169 (25) 187 (28) 169 (26) 157 (25)
Skeletal malformations:

Total 0 () 3(2 0(0) 0(0)
Ribs: Missing 0(0) 3(2) 0(0) 0 (0)

Skeletal anomalies: Total 1(1) 3(2) 0 (0) 0 (0)
Ribs
Twao or more ribs

wavy 0(0) 1(1) 0(0) 00
Two or more reduced
in size 0(0) 1(1) 0(0) 0(0)

Sternebrae: Separated 1(1) 1{(1) 0 (0) 0 (0)

Skeletal variations: Total 41 (18) 58(23) 51(21) 43(21)
Ribs: Accessory lumbar
ribs 2(1) 9 (6) 6 (5 7(5)
Sternebrae
Irregular shape of one 12 (10) 17(12) 16(13) 18(12)
Irregular shape of two
or more 27(13) 37(19) 27{(149) 19(12)

One supernumerary 1(1) 0 (0) 5Q() 1(1)

* Values are incidences in fetuses (litters).
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legs. The low-dose group had a reduced incidence of
fetuses with an incompletely ossified interparietalis
and incidence of five to eight proximal phalanges on
the hind legs but an increased incidence of incom-
pletely ossified 0-2 metatarsals. No statistically signif-
icant differences were noted in skeletal variations
when the data were analyzed on a litter basis and the
incidence of variations showed no apparent relation-
ship with increasing dose. Because of the apparent lack
of a treatment-related effect, the incidence in varia-
tions in ossification were not considered to be biologi-
cally significant and the data were not tabulated.

DISCUSSION

A diet containing up to 5% plant stanols (8.76% plant
stanol fatty acid esters) (equivalent to a dietary intake
of 2.4-3.5 g total stanols’kg body wt/day) was well
tolerated by the pregnant rats. There were no mortal-
ities or adverse effects on appearance, physical condi-
tion, or behavior during days 0-21 of gestation. No
compound-related adverse toxicity was seen in any of
the stanol-ester-treated rats and no significant in-
creases were seen In the incidence of visceral or skel-
etal malformations, abnormalities, or variations. Sta-
tistically significant differences were noted in mean
body weight relative to controls at the 0- to 7-day and
7- to 14-day peried and in body weight gains during
0-7 days for the high-dose group. One explanation for
these body weight effects could be that there was a
decrease in caloric content of the diet from the levels of
unabsorbable stanols at the highest dose. As the
amount of stanol increased, concomitant with increas-
ing dose, the amount of rapeseed oil decreased accord-
ingly and the fatty acid esters in the product may not
have been equivalent to the rapeseed oil fatty acids.
The changes in body weight at the highest dose were
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relatively small, were transient in nature, and were
not considered biologically meaningful as they were
not seen in the 14- to 21-day terminal portion of the
study.

CONCLUSION

No adverse treatment-related maternal or fetal de-
velopmental effects were produced following ingestion
of a diet containing up to 8.76% plant stanol fatty acid
esters. This diet provided up to 5% of total dietary
stanols equivalent to 2.4-3.5 g stanols/kg body wt/day.
No significant differences were seen in reproductive
performance, maternal and fetal body weights, sex dis-
tribution, or visceral or skeletal malformations, anom-
alies, and variations. Vegetable oil-derived stanol fatty
acid esters are concluded not to be developmental tox-
icants and did not produce any embryotoxic, fetotoxic,
or teratogenic effects in Wistar rats under the condi-
tions of this study.
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Abstract—Literature dealing with the biological activities of cholesterol autoxidation products and related oxy-
sterols in vivo and in vitro published since the previous 1981 monograph is reviewed. Although several oxysterols
are important cholesterol metabolites implicated in bile acids and steroid hormones biosynthesis, effects on cellular
membranes and on specific enzyme systems as well as cytotoxic, atherogenic. mutagenic, and carcinogenic activities
characterize oxysterols as a class. Circumstantial evidence implicates oxysterols of the human diet and those formed
in vivo with human health disorders, but recent work also supports an hypothesis that some oxysterols be endogenous
intracellular regulators of de novo sterol biosynthesis. The true physiological relevance. if any, of these matters

has not been adduced.

Keywords—Oxysterols, Cholesterol oxidation products, Cholesterol autoxidation, Biological actions. Biological

activities, Oxidized sterols

INTRODUCTION

The current focus on biologically active oxygen species
and associated radicals is of crucial importance to un-
derstanding of life processes in an imposing oxygen
environment. However, the present review does not
dwell on active oxygen species and radical effects but
on the biological effects of derivatives of their actions
on tissue unsaturated lipids, specifically on cholesterol
(cholest-5-en-3B-ol, /). The metabolic disposition and

Leland L. Smith, Professor of Biochemistry, received his under-
graduate and graduate education at the University of Texas, Austin.
TX (PhD 1950). He conducted postdoctoral research at Columbia
University, New York City, NY 1950-1951; Worcester Foundation
for Experimental Biology, Shrewsbury, MA 1951-1952; and South-
west Foundation for Research & Education, San Antonio, TX 1952~
1954, after which time he was group leader at Lederle Laboratories,
American Cyanamid Co., Pearl River, NY 1954-1960 and Wyeth
Laboratories, Radnor, PA 1960-1964. In 1964 he undertook his
present appointment where his significant work on cholesterol ox-
idation has been conducted.

Betty H. Johnson, Senior Rescarch Associate, received her un-
dergraduate education at Southwestern University, Georgetown, TX
and graduate education at the University of Texas Medical Branch.
She has held positions as Research Associate at Johns Hopkins Uni-
versity, Baltimore, MD 1956 and Texas A & M University Agri-
cultural Research and Extension Center, Beaumont, TX 1973-1981,
and since 1983 her present appointment.

*Author to whom correspondence should be addressed.

285

1 Cholsetercé

biological activities of product oxidized sterois, the
oxysterols, are presently of concern with respect to
human health matters. Related interest in biological
actions of other oxidized unsaturated lipids is also cur-
rent but is beyond the scope of the present review.

Cholesterol ubiquitously present in mammalian tis-
sues is essential for formation and function of cellular
membranes, is the obligate precursor of the bile acids
and steroid hormones, and may have yet other func-
tions in vivo. The relationship of cholesterol to human
atherosclerosis evinces the importance of the sterol to
human disease. Cholesterol is subject to oxidations by
divers active oxygen species, yielding the biologically
active oxysterols of present interest. Other sterols des-
mosterol (cholesta-5,24-dien-3B-ol), lanosterol (Sa-
lanosta-8,24-dien-3B-ol), 24-alkylsterols, etc. are also
oxidizied to biologically active oxysterols, although
much less is known about these.
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Oxysterols are uniformly toxic in a wide variety of
in vivo tests and in vitro bioassays. These matters were
reviewed in detail in 1981,' and subsequent treatments
have appeared.’™* Interests have continued at a steady
pace since 1981, with about 50 items per year dealing
with chemistry and biochemistry? and an equal number
with biological activities. The present review attempts
to cover material dealing with the biological activities
of oxysterols described since the 1981 monographic
treatment, including items inadvertantly not treated
therein. It is presumed that some familiarity with the
1981 monograph coverage be had by the reader.

The oxysterols included in this review are those that
retain the sterol side-chain in good part, thus with
longer side-chains than the C,,-steroids. Accordingly,
hormonally active cholesterol autoxidation products
such as dehydroepiandrosterone are not reviewed here.
Oxysterols receiving the greatest attention are those
readily available commercially: cholest-5-ene-3B,7a-
diol (Ta-hydroxycholesterol, 2), cholest-5-ene-38,78-
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diol (78-hydroxycholesterol, 3), 3B-hydroxycholest-
5-en-7-one (7-ketocholesterol, 4), 5,6a-epoxy-Sa-
cholestan-3B-ol (cholesterol 5a,6a-epoxide, 3), Sa-
cholestane-383.,5,6B-triol 6), and cholest-5-ene-38,25-
diol (25-hydroxycholesterol, 7). Also 5,6B-epoxy-
5@-cholestan-3B-ol (cholesterol 5B,68-epoxide, &),
cholest-4-en-3-one (9), (20S)-cholest-5-ene-383,20-
diol (20-hydroxycholesterol, 10), (25R)-cholest-5-ene-
3B,26-diol (26-hydroxycholesterol, /), and other
common oxysterols have been examined, as have also
oxysterols from special tissue sources and from
syntheses devised for testing as cytotoxic agents
against malignant tumor cells or for inhibition of de
novo sterol biosynthesis to achieve lowering of plasma
sterol levels. :

Oxysterols are reported to influence such vital mat-
ters as de novo sterol biosynthesis, membrane function,
DNA synthesis, cell growth and proliferation, and aor-
tal atherosclerosis also associated with the parent cho-
lesterol. Thus, there arises a natural concemn over

sen

5 Cholestercl S5a, 8a - epoxide

£ Cholesteroi 5, 68 - apaaic
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whether cholesterol or oxysterol (or both) be the active
agent. In bioassays of cholesterol dispersed in media
exposed to air there is also question about whether
effects be those of the parent sterol or of traces of
highly active oxysterol inadvertantly formed before or
during bioassay.

Although oxysterols with biological activities are
emphasized here, it is also important to note that the
biological activity of a parent sterol may be different
depending on whether associated oxysterols be present
or absent. This point is of importance in review of the
relationship of dietary cholesterol to human athero-
sclerosis, where the presence of traces of oxysterols
may in fact be the atherogenic or angiotoxic agents.
The point also holds for Vitamin D, (cholecalciferol,
(5Z,7E)- 9,10-secocholesta- 5,7,10(19)- trien-38-ol)
also highly susceptible to autoxidations, where Vita-
min D, preparations stabilized against oxidation dur-
ing manufacture retain greater potency and associated
toxicity !

In view of the uncertainties posed, one is drawn
directly to a range of questions which if answered
might lead to an improved understanding of the topic.
Among the questions are:

1. What kinds of biological activities characterize
oxysterols? Are oxysterols uniformly toxic?

The present review of recent progress indicates that
oxysterols as a class are toxic agents at levels tested.
However, whether oxysterols toxicities pose harmful
or beneficial effects in vivo is uncertain. Moreover,
an hypothesis suggesting that certain endogenously
formed oxysterols serve as intracellular regulatory
agents suppressing de novo sterol biosynthesis by in-
hibition of 3-hydroxy-3-methylglutaryl coenzyme A
(HMGCoA) reductase, if so in vivo provides another
importance for some oxysterols.

2. Are oxysterols present in the diet or are
they formed in vivo? If formed in vivo, by
what processes?

Oxysterols are indeed present at low levels (part-
per-million to part-per-billion) in cholesterol-rich pro-
cessed foods®$-'® and at similar levels in freshly drawn
human blood;!!-'® both dietary and endogenous metab-
olism origins exist. It is also possible that diet stimulate
in vivo creation of oxysterols, a matter to be carefully
considered. Thus, elevated levels of the §,6-epoxides
5 and 8 and of the 38,5a,6pB-triol 6 were found in liver
and plasma of cholesterol fed rabbits.'” Chronic inges-
tion of dietary oxysterols, even at low levels, may pose
an avoidable toxic burden, and as potentially toxic

components of foods. oxysterols have attracted the at-
tention of the processed foods industry and the U.S.
Departments of Agriculture and Defense.

Anent modes of oxysterol formation, in addition to
the well-known radical autoxidation origin of oxyster-
ols from cholesterol exposed to ground-state (triplet)
dioxygen (*0,) of the air, oxidized sterols are also
formed from cholesterol exposed to other active oxy-
gen species, including electronically excited (singlet)
dioxygen ('0O,), peroxide (0,”, HOO~, H,0,), hy-
droxyl radical (HO-), dioxygen cation (O,*), and
ozone (O,). Of the well-known active oxygen species,
only superoxide (0,7, HOO") fails to oxidize choles-
terol. '*-2° Other environmental oxidants also react with
tissue cholesterol; for instance, atmospheric NO, forms
cholesterol 3B-nitrite and 5,6-epoxides 5 and 8 in ex-
posed skin or lung tissues.?'-%

Oxysterols have several in vivo origins, including
tissue cholesterol enzymic hydroxylations at the 7a-,
20ag-, 22Bf-, 23-, 24B, 25-, 26-, and 27-sites,
5a.6a-epoxidation, and 3B-hydroxysteroid dehydro-
genation, all yielding oxysterols. Additionally, intra-
vascular origins exist; for example, the 38,7a-diol 2
formed in and secreted from liver (in bile acid biosyn-
thesis)®® may also be formed in human plasma by leu-
kocytes which possess a cholesterol 7a-hydroxylase!
Moreover, hepatic lipid peroxidation of cholesterol es-
tablished in vitro and yielding the same oxysterols as
radical autoxidation may also occur in vivo, potentially
supplemented by intravascular lipid peroxidations by
leukocytes.'!!?

These several processes ensure that oxysterols be
present at basal levels in human plasma or tissues,
perhaps subject to fluctuations influenced by diet or
health state.

3. Are ingested dietary oxysterols absorbed from the
gastrointestinal tract?

Evidence suggests that dietary oxysterols are ab-
sorbed from the gastrointestinal tract rapidly.?-*
Some absorption of (25R)-38,26-diol /7 38,26-disul-
fate administered per os in human neonates is also
indicated .

4. Are ingested or endogenously formed
oxysterols detoxified by protective metabolism for
harmless excretion?

Oxysterols are clearly subject to esterifications in
vivo and in vitro, but it is uncertain whether these
transformations act as transporting or detoxifying pro-
cesses. The cholesterol 5,6-epoxides are subject to en-
zymic hydrolysis, but the 38,5a,68-triol 6 metabolite
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is more toxic. The Sa.6a-epoxide 5 fed rats is also
metabolized to bile acids, presumably benignly.*®
The cholesterol metabolites 38,7a-diol 2, 3B,25-
diol 7, and 3B.26-diol // implicated in hepatic
biosynthesis of bile acids, the 33,20-diol /0 and (22R)-
cholest-5-ene-3B.22-diol implicated in steroid hor-
mone biosynthesis, the enone 9 implicated in choles-
terol reduction to stanols. and (24S)-cholest-5-ene-
3B,24-diol (cerebrosterol) of central nervous tissue
obviously have metabolic fates of other sorts.

5. Do oxysterol compositions of tissues and plasma
or their levels fluctuate with diet or health state?

The matter of fluctuating levels of plasma oxysterols
i$ as yet uncertain, but differences between plasma
levels of the 38,26-diol /] in younger people versus
older patients with cardiovascular disease’® and be-
tween levels of the 3B,7-diols 2 and 3 and the 38,26~
diol // in normals versus patieats with cerebrotendi-
nous xanthomatosis®’-% suggest such possibility. High
levels of the Sa,6a-epoxide 5 in blood of hypercho-
lesterolemic patients is also indicated by older anal-
yses.* Fluctuations associated with nutrition or diet
have not been investigated.

The question of fluctuating oxysterols blood levels
cannot now be posed so naively, as oxysterols appear
to be partitioned among the presently identified lipo-
protein fractions in a manner that may be powerfully
reVCaling. 12-15.27.29.13.34 .41

6. Are there tissues that accumulate oxysterols in a
manner suggesting association with function,
dysfunction, or disease?

The presence of oxysterols in mammalian tissues
has been demonstrated, and in several instances ac-
cumulations of oxysterols have been discovered. The
accumulation of the 3B,26-diol /! and of fatty acyl
esters of 24-, 25-, and 26-hydroxycholesterols in the
human aorta with increasing age and severity of as-
sociated atherosclerosis*? and the increase in (245)-
cholest-S-ene-3B,24-diol levels of rat brain following
myelinization*’ suggest these oxysterols have some re-
lationship to the status of these tissues in vivo. In-
creased amounts of oxysterol fatty acyl esters in tissues
from Tangier disease patients** may or may not have
significance, as the analyzed tissues had been frozen
for years before analysis, and no measure of autoxi-
dation occurring during storage was had.

The amount of the 58,6B-¢poxide 8 in human breast
fluid appears to fluctuate with hormonal balance of
women donors without breast cancer.*

7. Are the established in vitro toxic effects indeed
expressed in vivo?

Several in vitro effects of oxysterols have been dem-
onstrated in vivo as well. Whether in vivo toxic effects
are the same or similar to in vitro effects has yet to be
determined, although some effects such as in vitro in-
hibition of HMGCoA reductase occur also in vivo.

8. Are oxysterols physiologically relevant in
essential or beneficial metabolic processes or do
they pose a genuine threat 10 human health?

Guidance of this issue may be provided, but the
question cannot now be answered. Disputation either
way can be found, but uncertainties abound. Whether
the oxysterols toxicities be implicated in the etiologies
of chronic human diseases (atherosclerosis, cancer),
whether, provocatively, toxic tissue and plasma oxy-
sterols provide natural protection against invading vi-
ruses, microorganisms, or malignant tumor cells, or
whether oxysterols have no physiological significance
remain uncertaintics yet to be resolved.

An hypothesis formulated by Chen and Kandutsch
over a decade ago that certain oxysterols serve as en-
dogenous regulators of de novo sterol biosynthesis via
their inhibitory effects of the regulatory enzyme
HMGCoA reductase continues to attract adherants. It
may be that this biological action be one of the few
beneficial actions of oxysterols.

Obviously the oxysterol metabolites of cholesterol
implicated in established biosynthesis processes for the
cholestanols (3-ketone 9), bile acids (38,7a-diol 2,
38.26-diol /1), and steroid hormones (38,20-diol /0,
(22R)-cholest-5-ene-3B,22-diol) whether also formed
by adventitious oxidation processes or not fall outside
the present issue of benevolence, being required for
mammalian life.

Although there are new in vivo data here reviewed,
much recent work with oxysterols has been with cul-
tured mammalian cells under conditions where in vivo
implications remain uncertain. Another limitation of
in vitro bioassay of oxysterols lies in the commercially
available samples actually used. The notorious state of
purity of commercial samples for reliable bioassay pur-
poses is often ignored, and bioassay results on such
samples may be compromised accordingly.

Bioassay of the Sa,6a-epoxide 5 in most cases in-
volves use of commercially available material known
to contain as much as [0-15% 5B,6B-epoxide 8.
Whereas mutagenicity bioassays of these samples most
likely do measure the mutagenicity of the predominant
5a,6a-epoxide 5, it now appears that the 5B,6B3-epox-
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ide & is also mutagenic,*’ so the full measure of bio-
logical activity of either epoxide may be uncertain.
Where pure samples of both 5,6-epoxides have been
prepared for bioassay, data establish that the individual
5.6-epoxides 5 and 8 are both cytotoxic and that both
possess transforming ability on cultured mammalian
cells.®®

Some of the prior conflicting and confusing tests of
the 5a.6a-epoxide 5 may have come from use of im-
pure samples. For instance, the inhibition of DNA syn-
thesis by impure Sa.6a-epoxide 5 in cultured Syrian
hamster embryo cells could not be demonstrated with
pure samples, whether with or without the liver mi-
crosomal S-9 enzymes activation system.**° How-
ever, inhibition of DNA synthesis in Chinese hamster
V79 lung fibroblasts by either 5,6-epoxide 5 or 8 has
since been demonstrated. **-*’ Furthermore, we have ex-
perienced the same wasted effort by testing commercial
samples of cholest-4-ene-3,6-dione and - 3B,5-dihy-
droxy-Sa-cholestan-6-one for mutagenicity against
Salmonella typhimurium.®' The efforts necessary later
to confirm spurious activities found with impure sam-
ples far exceeds the effort required to prepare pure
samples initially. Careful workers elsewhere have had
related experiences.’? %

Obviously aged samples of stigmasterol containing
progesterone as an autoxidation product® might be
bioassayed as hormonally active! Nonetheless, the pu-
rity of samples tested is not revealed in most cases,
and identities are almost always by suppliers labels!
Bioassay results are also influenced by the means by
which oxysterols are presented. In vitro bioassays em-
ploying serum or serum lipoproteins are notoriously
influenced by such media.*'¥5-%

Another major limitation for either in vitro bioassay
or in vivo testing is that of metabolism of the analyte
during bioassay. This limitation is most obvious for
sterol hydroperoxides and peroxides, where protective
metabolism reducing or destroying the peroxide bond
may occur. Thus, cholesterol 7a-hydroperoxide and
3B-hydroxy-5a-cholest-6-ene-5-hydroperoxide are
metabolized by Salmonella ryphimurium TA1537 em-
ployed in bioassay for mutagenicity.®% The Vitamin D,
peroxides active in inducing differentiation of human
myeloid leukemia HL-60 cells also are metabolized by
the cultured cells, in this case to the active agents.®' 2
The immunosuppresion activity of cholesterol 25-hydro-
peroxide against cultured mouse spleen cells might also
be attributed to its reduction product 38,25-diol 7 equally
active in the test.%

In other cases genuine biological activity of steroid
hydroperoxides (and not of the corresponding reduced
derivative) appears the case. For instance, cholesterol

25-hydroperoxide but not the 3,25-diol 7 appears to
inhibit the action of calmodulin.® Also, kinetics data
showing that the human placental aromatase (cyto-
chrome P450.gom) inhibitor 10B-hydroperoxyestr-4-
ene-3,17-dione binds five-fold greater than the corre-
sponding 10B-hydroxyestr-4-ene-3,17-dione suggests
that the 10B-hydroperoxide be the reactive agent oxi-
dizing the active site sulfhydryl group of the enzyme.*
Other steroid hydroperoxides 6a- and 6f-hydroper-
oxyandrost-4-ene-3,17-diones* and 17a-ethinyl-108-
hydroperoxy-17B-hydroxyestr-4-en-3-one®” also are
active aromatase inhibitors in the same fashion. More-
over, 10B-hydroperoxyestra-1,4-diene-3,17-dione is
implicated as the active agent in the photosensitized
binding of estrone (3-hydroxyestra-1,3,5(10)-trien-17-
one) to protein or to DNA ¢

Yet other similar concerns for the metabolism of
nonperoxide oxysterols during bioassay have been ex-
pressed, the isomeric 5,6-epoxides 5 and 8 both being
subject to metabolic hydrations to the 38,5a,5B-triol
6 during bioassay.**” As the 5B,6B-epoxide 8 appears
to be more mutagenic than Sa,6a-epoxide 5 and
3B.5a,68-triol 6 is nonmutagenic but more toxic than
either 5,6-epoxide, bioassay results are the sum of the
several metabolic and toxicity effects taking place.

It appears that metabolism of the HMGCoA reduc-
tase inhibitor 3B-hydroxy-5a-cholest-8(14)-en-15-one
(12) by cultured Chinese hamster ovary CHO-K1 cells
used for bioassay does not interfere with the bioassay
despite transformation of the 15-ketone /2 to choles-
terol by other systems.” However, in other cases cul-
tured mammalian cells do metabolize exogenous
oxysterols to biologically active products!™ -’

In these cases one may see metabolic activation,
deactivation, or both, and the true potency of any given
oxysterol in any bioassay thus is uncertain, as so few
reports of metabolism during bioassay have been made.
In most bioassay studies with cultured ceils where anal-
ysis of the system during or after bioassay for oxy-
sterols is so easy, little attention has been given to this
limitation. Necessarily, the issue of in vivo physio-
logical relevance of oxysterols depends on any meta-
bolic disposition the oxysterol may experience. These
matters are undertended at present.

The literature reviewed here on balance confirm and
reinforce viewpoints summarized in 1981 that oxy-
sterols as a class be toxic agents. Nonetheless, four
salient thrusts that have developed from issues previ-
ously set forth that bear on this issue deserve special
mention at this point:

1. Cholesterol hydroperoxide and epoxide deriva-
tives have been demonstrated mutagenic in vitro, and
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the isomeric 5.6-epoxides have been shown to possess
transforming activity against cultured cells.

2. Asingle though impressive report that oxysterols
be no more atherogenic than cholesterol in vivo has
initiated controversy on this point.-

3. Oxysterols such as the 3B,7B-diol 3 3B.7B-di-
hemisuccinate provide in vivo protection against ma-
lignant tumors, and the 15-ketone /2 proposed as
chemotherapeutic agents for lowering plasma choles-
terol levels by inhibition of de novo sterol biosynthesis
is effective in vivo.

4. Anhypothesis thatendogenous intracellular oxy-
sterols such as the 3B,25-diol 7 or 24,25-epoxy-(245)-
cholest-5-en-3B-o0l (desmosterol 24,25-epoxide, {3)
be endogenous regulators of de novo sterol biosyn-

- thesis has gained additional experimental attention.

13 Dasmosterci 24, 25 - epoxide

These four developments and our recent demon-
stration that active oxygen species be implicated in the
expression of toxic effects of sterol hydroperoxides add
dimension to the importance of continued study of the
biochemistry and biological activities of oxysterols for
eventual discovery of their true physiological relevance
to human health.

CYTOTOXICITY

The in vivo and in vitro toxicities of oxysterols re-
viewed previously' are on balance their predominant
biological characteristic. The present section examines
generalized toxic effects in vivo and effects on sur-
vival, growth, cell proliferation, and function in vitro.
Review of the more specific in vivo toxic manifesta-
tions of atherogenicity, mutagenicity, and carcinogen-

_icity and of effects on cellular membranes and specific

enzyme system is treated in succeeding sections.
In vivo toxic effects may result from diverse and
obscure reasons, not necessarily being specifically

caused by administered oxysterols. Thus, where the
oxysterol serves as sole sterol source in the diet (ob-
served for ergosterol peroxide (5,8-epidioxy-5a.8a-
(22E)-ergosta-6,22-dien-3B-ob), 3B,7B-diol 3, 7-ke-
tone 4, 383,20-diol /0, 38,25-diol 7, and 15-ketone
12), the killing of silkworm Bombyx mori larvae may
not be so much a toxic effect as starvation resulting
from failure of the larvae to metabolize oxysterol.
When fed 0.01% oxysterol with 0.1% cholesterol sur-
vival and growth were not significantly affected.”

Moreover, although this review of cytotoxicity deals
directly with specific oxysterols preparations, it must
be recognized that the process of peroxidation of sterols
involving oxyl, peroxyl, and carbon-centered radicals
as well as stable oxysterol products may also contribute
to toxic effects. For example, cholest-5-en-3-one, Vi-
tamin D, and D, (ergocalciferol, (5Z,7E,22E)-9,10-
secoergosta-5,7,22-trien-33-ol), ergosterol ((22E)-er-
gosta-5,7,22-trien-3B-0l), and cholesta-5,7-dien-38-
ol, all more readily autoxidized than cholesteroi, exert
a prooxidative effect on polyunsaturated fatty acyl es-
ters, whereas cholesterol produced no such prooxida-
tive effect.’ Indeed, cholesterol may be protective
against peroxidant stresses in vivo.”

In vivo toxicities

Toxicities are manifested at the cellular level in di-
minished cellular functions, growth, and proliferation
and in vivo in cessation of growth, loss of weight, and
diminished appetite but also in pathological changes,
including damage to arteries and aortal lesions of ath-
erosclerosis. Table 1 summarizes accounts of in vivo
toxicities of dietary oxysterols.

Toxic effects are also elicited via oxysterols admin-
istration by other means. Injection of the 7-ketone 4
in rabbits resulted in lowering of plasma cholesterol
levels;™ subcutaneous implantations of the 38.5«,68-
triol 6, 3B.25-diol 7, or 3f,26-diol /! in rats led to
necrosis and an acute inflammatory response;”-'® rec-
tal instiliation of 3-ketone 9 or Sa-cholestan-3-one in
mice generated nuclear aberrations in the colon mu-
cosa.'” Ergosterol peroxide inuncted onto chick em-
bryos is toxic, and when added to water is toxic to
brine shrimp.'® Plasma lipoproteins treated with cho-
lesterol oxidase becomes lethal upon injection into rab-
bits, but it is uncertain whether the effect be attributed
to the 3-ketone 9 formed by enzyme action.'®

Oxysterols have proven toxic to microorganisms.
Cholesterol 7a-hydroperoxide, 3B-hydroxy-3a-cho-
lest-6-ene-5-hydroperoxide, and the 38,25-diol 7 are
bacteriacidal to Salmonella typhimurium** and the
3B,5a,6B-triol 6 and 3B-hydroxy-Sa-cholestan-6-one
inhibit growth of Mycoplasma gallisepticum.'® Ad-
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Table |. In Vivo Effects of Dietary Oxysterols

Oxysterol In Vivo Effects Reference

Cholesterol Supports induction of cytochrome P450 enzymes in male albino rats (but no 77
Ta-hydroperoxide, more than cholesterol)
0.2% in diet

Cholest-5-ene-38-,7a-diol 2 Toxic in Swiss mice, LDy 0.3 mmole/kg 78
3.7-dihemisuccinate

Cholest-5-ene-38,78-diol 3 Toxic in mice. LDy 0.17 mmole/kg 79
3,7-dihemisuccinate

3B-Hydroxycholest-5-en-7-one ¢,  Decreased HMGCoA reductase in laying hens 80-81
0.025% in diet

5.6a-Epoxy-Sa- Increased bile acids excretion; no effect on de novo sterol biosynthesis 28
cholestan-38-0l §

Sa-Cholestane-38,5,6B-triol 6, Loss of appetite in B6C3F, mice 82
1% in diet

5@-Cholestane-3a,5.6a-triol* Depressed food intake in gerbils but not in chicks 83, 84

Cholest-4-en-3-one 9, Retarded growth, enlarged adrenals, in male Wistar rats; growth retardation 85
1% in diet and hyperplastic ovaries in female Wistar rats; other effects
3.5 months

Cholest-4-en-3-one 9, Lipoid adrenal hyperplasia in male Wistar rats 86
1% in diet Male Sprague-Dawley rats. adrenal hypertrophy, depressed corticosterone 87

production

5.6B-Epoxy-5B-cholest- Toxic in ICB mice. IDy ca. 140 mg/kg 88
7-en-38-ol

Commerial cholesterol, Increased blood cholesterol levels in Chinchilla rabbits 89
containing oxysterols '

- 200 mg/kg 6 weeks

Mixed oxysterols, Decreased HMGCoA reductase in laying hens; no effect on body weight or 80, 90, 91
0.5% in diet egg production and weight; reduced acetate incorporation into yolk sterol

Mixed oxysterols, Lethal to chicks (6/16) and to young quail (5/17) 92
0.5% in diet
13-14 weeks

Mixed oxysterols, Reduced feed consumption, weight, and serum cholesterol in female quail; 93
1% in diet reduced serum cholestero! in male quail
3 weeks

(17(20)2)-Cholesta-5,17(20)- Decreased appetite and diminished de novo sterol biosynthesis in male CS7BL/ 94
dien-38-ol, 6J mice
0.25% in diet 26 h

38-Hydroxy-Sa-cholest- Loss of appetite, weight loss in rats 95
8(14)-en-15-one (12)

38-Hydroxy-5a-lanost- Lowered serum cholesterol and triacyiglycerols in male Wistar rats 96
8-en-7-one,
0.1% in diet -

3B-Benzoyloxy-5a-stigmastane- Minor reduction in hemoglobin, simple chromosomal aberrations in Swiss 97

5,6@-diol,
680 mg/kg oraily

albino mice
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*The oxysterol implicated is almost certainly the 38.5a,68-triol 6.

ditionally, 21-nor-(20§)-cholest-5-ene-3B,20-diol and
3B-hydroxy-21-norcholest-20-one inhibit the A*-de-
hydrogenase of Tetrahymena pyriformis'® and (258)-
26-norcholest-5-ene-38,25-diol and 3B-hydroxy-26-
norcholest-5-en-25-one inhibit growth of the Saccha-
romyces cerevisiae auxotroph RD5-R.'%

In vitro toxicities

By far the most obvious effort has been placed on
studies of the effects of oxysterols on cultured mam-
malian cells (Table 2). Whether these in vitro effects
have any relationship to physiological reality generally

remains untested. Moreover, in cases where several
related cell lines have been examined under different
culture (medium) conditions different sensitivities of
cells to oxysterols have been observed,''* so extrapo-
lation of specific in vitro results to other situations is
uncertain.

These manifestations of toxicity, though diverse,
may have at least two separate origins. The long rec-
ognized inhibition of HMGCoA reductase activity ac-
counts for those toxicities in which cell requirements
for sterol are not met, but the incorporation of oxysteroi
into plasma membranes affecting membrane fluidity,
function, and stability is emerging as a second major
mode of provoking toxicity.'*!13:12?
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Table 2. In Vitro Cytotoxic Effects of Oxysterols

Oxysterol In Vitro Results Reference
5.6a-Epoxy-5a-cholestan-3B-ol § Chinest hamster embryo cells, plating efficiency decreased® 107, 108
Chinese hamster V79 lung fibroblasts. cytotoxic at 20-25 uM 47. 48
Syrian hamster embryo cells. toxic. TDy, 10 ug/mL 109
Rat Moms hepatoma HTC cells. moderate inhibition of growth 110
C3H-10T1/2 mouse embryo cells, toxic, at 20 uM 18
Mouse L cells. cytotoxic, reduced protein levels Lt
5.68-Epoxy-5@8-cholestan-38-ol 8 Chinese hamster V79 lung fibroblasts. toxic at 20 uM 47, 48
Rat Moms hepatoma HTC cells, moderate inhibition of growth 110
C3H-10T!1/2 mouse embryo cells, toxic at 20 uM 18
Mouse L cells, cytotoxic, lipid droplet accumulations 11
38-Hydroxy-24-ethyl-(24%)- Munne leukemia L1210 cells, toxic. 1Dy 2 ug/mbL 112
cholesta-5,28-diene-24-
hydroperoxide
3B-Hydroxy-24-ethylcholesta-5.23- Murine leukemia L1210 cells, toxic. 1Dy 4 ug/mL 112
diene-28-hydroperoxide
3B-Hydroxy-24-ethylcholesta- Murine leukemia L1210 cells, toxic, IDy 4 ug/mL 112
$5.24(28)-diene-29-hydroperoxide
5.8-Epidioxy-5a,8a-(22E)-ergosta- Mouse {ymphemia L-1210/v/¢ cells. toxic, [Cy 3.5 ug/mL 13
6.22-dien-3p-ol (ergosterol
peroxide)
5.8-Epidioxy-Sa .8a- Mouse lymphemia L-1210/v/c cells, toxic, LDy 11.7 ug/mL 14
cholest-6-en-38-ol Human epidermoid carcinoma KB cells, toxic, LDy 12.3 ug/mL 114
5.8-Epidioxy-68,7p-epoxy-Sa.8a- Mouse [ymphemia L-1210/v/¢ cells, toxic, LDy 3.5 ug/mbL 114
cholestan-38-ol
Sa-Cholestane-3B .68 -diol Rat Morris hepatoma HTC cells, moderate inhibition of growth 110
Cholest-5-ene-38,7a-diol 2 Chinese hamster embryo cells, relative plating efficiency decreased 108
Rat Morris hepatoma HTC cells, moderate inhibition of growth 110
Mouse L cells, cytotoxic, reduced protein levels, lipid droplet accumulations t1
Cholest-5-ene-38,78-diol 3 Chinese hamster embryo cells, relative plating efficiency decreased 108
Rat Morris hepatoma HTC cells, lysis by 24 h at 20 uM. lysis by 72 h at 10 57
uM
Murine lymphoma EL-4, YAC-1, RDM4 cells, toxic at 3-12 uM 115
Rat fibroblasts. toxicity ‘ 72. 116
Rat myocardiat cells, synchronous beating impaired by 2.5 uM 72. 116
Mouse L ceils, cytotoxic, reduced protein levels, lipid droplet accumulations 11
(20S)-Cholest-5-38.,20-diol /10 Bovine platelets, thrombin-induced aggregation increased 151% by 25 uM 17
Human marrow mononuclear cells, proliferation inhibited, [Dy <0.50 uM 118
Bovine platelets, thrombin-induced aggregation increased 162% by 25 uM 117
{22R)-Cholest-5-38,22-diol Bovine platelets, thrombin-induced aggregation increased [89% by 25 uM 117
Rat Morris hepatoma HTC cells, lysis by 48 h at 40 uM; lysis by 72 h at 20 57
uM
{24R)-Cholest-5-ene-3B , 24-diol Bovine platelets, thrombin-induced aggregation increased 182% by 25 uM 17
(248)-Cholest-5-ene-38,24-diol Bovine platelets, thrombin-induced aggregation increased 229% by 25 uM 117
Rat Mortis hepatoma HTC cells, moderate inhibition of growth 110
Cholest-5-ene-38,25-diol 7 Human skin fibroblasts, sterol biosynthesis inhibited 95% by 1.25 uM; 119, 120
cytotoxic at 20 ug/mL
Human artery smooth muscle cells, cytotoxic at 20 ug/mL 120
Preconfluent keratinocytes, sterol biosynthesis inhibited 84% by 1.25 uM 119
Human marrow mononuclear cells, toxic 1Dy 0.54 uM 118
Bovine platelets, thrombin-induced aggregation increased 165% by 25 uM 17
Pig vascular smooth muscle cells, toxic 100
Rat prostate adenocarcinoma P-1II, colony inhibition 75.7% at 6 ug/mL* 121
Rat C-6 glioma cells, toxic at 2.5 uM 122
Mouse fibroblasts, toxic 100
Mouse penitoneal macrophages, toxic 100
Mouse L cells, cytotoxic, reduced protein levels, lipid droplet accumulations 1
Mouse lymphocytes, cytotoxic | ug/mL 123
3B-Hydroxy-Sa-cholestan-6-one Human marrow mononuclear cells, proliferation inhibited, [Dy 5.0 uM 118
Mouse L cells, cytotoxic, reduced protein levels, lipid droplet accumuiations 111
3B-Hydroxycholest-5-en-7-one ¢ Rat Mormis hepatoma HTC cells, toxic within 24 h 110
Human marrow mononuclear cells, proliferation inhibited, IDy 5.0 uM 118
Mouse L cells. cytotoxic, reduced protein levels. lipid droplet accumulations 111
Murine neuroblastoma cells, sterol biosynthesis and HMGCoA reductase 124
markedly inhibited at 5 ug/mL
Chinese hamster V79 lung fibroblasts, cytotoxic at 25 uM 47,125
Cholesta-3,5-dien-7-one Mouse L cells, cytotoxic, reduced protein levels, lipid droplet accumulations 1
3B-Hydroxy-Sa-cholestan-7-one Chinese hamster V79 lung fibroblasts, cytotoxic at 10 uM 47
Human marrow mononuclear cells, proliferation inhibited, IDy 25 uM 118

3B-Hydroxycholest-5-¢n-22-one
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Table 2. (Continuved)

Oxysterol In Vitro Results Reference
3B-Hydroxycholest-5-en-24-one Rat Morns hepatoma HTC cells, toxic within 1-3 d 110
3B -Hydroxy-24-ethylcholesta- Murine leukemia L1210 cells, toxic, LDy 3 ug/mL 112

5.24(28)-dien-29-al
24-Ethylcholesta-5.24(28)-diene- Murine leukemia L1210 cells, toxic, 1Dy, 4 ug/mL 112
33.29-diol
3B.5-Dihydroxy-Sa-cholestan-6-one  Rat Morris hepatoma HTC cells, toxic at 33 ug/mL 126
3B.5-Dihydroxy-Sa- Rat Morris hepatoma HTC cells, toxic at 33 ug/mL 126
cholest-7-en-6-one
Sa-Cholestane-3B.5.63-triol 6 Bovine platelets. thrombin-induced aggregation decreased by 25 uM 17
Pig vascular smooth muscie ceils. toxic 100
Chinese hamster embryo cells. refative plating efficiency decreased* 107. 108
Chinese hamster V79 lung fibroblasts, cytotoxic at 12 uM 47
Synan hamster embryo cells. toxic, TDy 2.3 ug/mL 109
Mouse fibroblasts. toxic t00
Mouse peritoneal macrophages. toxic 100
6f-Methoxy-5a-choiest-7-ene- Rat Momis hepatoma HTC cells, toxic at 33 ug/mL 126
3B.5.9a-triol
3B.5,9a-Tnhydroxy-Sa-cholest-7- Rat Momis hepatoma HTC cells, toxic at 33 ug/mL 126
en-6-one
Mixed oxysterols Chinese hamster embryo cells. relative plating efficiency decreasedt 107, 108

*Effect mutigated by exogenous antioxidants.
*Effect mingated by exogenous cholesierol.

A serious limitation of many in vitro studies is the
inclusion of serum, serum lipids, or serum lipoproteins
in media used. The presence of serum components in-
fluences cell growth, proliferation, and function in ma-
jor ways but appears in general to moderate the effects
of exogenous oxysterols. At the same time, serum
preparations commonly used may contain unrecog-
nized amounts of oxysterols that may influence results
in some cases.'®'?® The controlling influences of
lipoprotein on in vitro expressions of oxysterols tox-
icity may come at least in part from the partitioning
of oxysterols among the different lipoprotein fractions,
which fractions diminish insertion of oxysterols into
plasma membranes and subsequent oxysterol toxic-
ity.*'*s Thus, as one must consider the circumstances
under which cholesterol is autoxidized in biological
systems,' % 5o also the conditions of bioassay of oxy-
sterols for toxicity are of importance.

Despite these problems the indicated in vitro tox-
icities suggest useful medical applications, including
exploitation of oxysterol cytotoxicity for control of
tumor cell growth, proliferation, and survival and of
oxysterol suppression of de novo sterol biosynthesis
as means of reducing plasma cholesterol levels in vivo.
As example of potential usefulness as an antitumor
agent, the 33,7B-diol 3 and its 38,7B-dihemisuccinate
sodium salt are toxic to cultured undifferentiated rat
Morris hepatoma HTC cells, but both are relatively
inactivated by serum lipoproteins.’* '8! Nonetheless,
the 38.7B-diol 3 38.7B-dihemisuccinate provided pro-
tection against Krebs II tumors in mice faster and more

strongly than other antitumor agents such as cyclo-
phosphoramide, S-fluorouracil, or methotrexate!**"

The 383.7B-diol 3 is uniformly toxic to cultured mu-
rine lymphoma cells but is not toxic to normal mouse
lymphocytes. Indeed, the 33,7B-diol 3 may exert a
protective effect on lymphocytes at high (40-50 uM)
concentrations.''> Were such 3B,78-diol 3 levels
chronically protective in vivo, one may pose specu-
latively the general case, that plasma oxysterols be
protective against cancer cells survival within the cir-
culation, thus providing speculatively a basis for the
presence of the 33,78-diol 3 and other oxysterols in
human blood. Human plasma 38,78-diol 3 levels of
0.18-4.1 (average 1.7) uM have been reported,*® and
38,7B-diol 3 fatty acyl esters occur in human blood at
11 ng/mL (ca. 15 nM), thus not much lower than the
3-12 uM levels toxic to cultured lymphomas in vitro.
Moreover, plasma levels of the 38,7a-diol 2 have been
measured at comparable (0.3-2.5 uM) levels,*® and
plasma 38,26-diol // levels have been reported in the
range 0.1-2.3 uM.'*3-3 It is not known whether these
plasma oxysterols are also cytotoxic to cancer cells or
protective of lymphocytes. Moreover, as the lym-
phoma toxicity data depended on medium composition,
toxicity in vivo cannot be projected.

Programs for synthesis of new cytotoxic oxysterols
as potential antitumor agents (using Morris hepatoma
HTC cells for bioassay) and for improved syntheses of
established ones have been conducted.'?!-'3* Such syn-
thetic oxysterol analogs as 6-nitrocholest-5-en-3@3-ol,
22-oximinocholest-5-en-3B-0l, 3B-hydroxy-Sa-cho-
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lest-8-en-7-one, 3B-hydroxy-Sa-cholest-8-en-11-one,
3B-hydroxy-5a-cholest-8(14)-en-7-one, 3B-hydroxy-
4,4-gimethylcholest-5-en-3B-ol, 4,4-dimethylcholest-
S-ene-3B.7a-diol and 4,4-dimethylcholest-5-ene-38.
7B-diol are all inhibitory.'*

Other in vitro activities

Although several biological activities of oxysterols
may not be readily classified as toxicities, it is con-
venient to include these cases in this section as all are

in vitro studies involving cultured cells and cell sur-
vival, growth, and proliferation. One such important
activity is the suppression of DN A biosynthesis as mea-
sured by thymidine incorporation (Table 3). Oxysterol
inhibition of DNA synthesis in vitro is accompanied
by suppression of de novo sterol biosynthesis, and
DNA synthesis appears dependent upon the availability
of sterol, as exogenous sterol, lipoprotein, or serum
relieve the effect. However, suppression of DNA and
sterol biosyntheses may be separated in some cases.!*
The lack of sterol is associated with arrest of cells at

Table 3. Oxysterols Inhibitions of DNA Biosynthesis

Oxysterol

In Vitro System Reference

Cholest-5-¢ne-3B,7a-diol 2

Human lymphocytes, 1-5 ug/mL 135, 136

Cholest-5-ene-38,7B-diol 3 Human lymphocytes, 5 ug/mL 135
Rat Morris hepatoma HTC cells S6
Rat embryo fibroblasts, 23% inhibition by 6 uM 137
Mouse splenocytes, 1-5 ug/mL 138
Cholest-5-ene-38.78-diol 3 Rat Momis hepatoma HTC cells 56
38.78-dihemisuccinate
38-Hydroxycholest-5-en-7-one 4 Human peripheral blood mononuclear cells, lymphocytes 135. 139
Rat embryo fibroblasts, 13% inhibition by 6 4M 137
Mouse lymphocytes, 0.5-2 ug/mi 140
(22R)-Cholest-5-ene-38,22-diol Human lymphocytes, 24% at 25 ug/mL 141
(228)-Cholest-5-ene-38,22-diol Human lymphocytes, 7% at 25 ug/mL 141
(23R)-Cholest-5-ene-38.23-diol Human lymphocytes, 17% at 25 ug/mL 141
Rat embryo fibroblasts, 8% by 6 uM 137
(23S)-Cholest-5-ene-38.23-diol Human lymphocytes, 79% at 25 ug/mL 141
Rat embryo fibroblasts, 50% by 6 uM 137
(24R)-Cholest-5-ene-38 . 24-diol Human lymphocytes, 49% at 25 ug/mL 141
(24S)-Cholest-5-ene-38,24-diol Human lymphocytes, 93% at 25 ug/mlL 141
Cholest-5-ene-3B,25-diol 7 Human lymphocytes, 90% at 25 ug/mL; (4% at § ug/mL 139, 141-144
Human W1-38 fibroblasts 145
Human smooth muscle cells, inhibited at 2 ug/mL 146
No effect in monkey artery smooth muscle cells 147, 148
Rat embryo fibroblasts, 92% inhibition by 6 uM 137, 149
Rat Ly myoblasts 145
Mouse spleen cells, by 2 ug/mL 123
Murine P815 mastocytoma cells, 0.1-1 ug/mL : 150
(25R)-Cholest-5-38.26-diol /1 Human lymphocytes, 85% at 25 ug/mL 141
Rat embryo fibroblasts, 63% by 6 uM 137
Cholesta-5,23-diene-38,25-diol Human lymphocytes, 97% at 25 ug/mL; 28% at S ug/ml 141
Cholesta-5.20(22)-diene-38,25-diol  Rat embryo fibroblasts, 48% inhibition by 6 uM 137
Cholest-5-ene-38,78.25-triol Mouse splenocytes 151
{(5Z,7E)-9,10-Secocholesta-5,7- Human lymphocytes, 65% at 25 ug/mL; 14% at § ug/mlL 141
diene-3p,25-diol (25-hydroxy-
Vitamin D,)
38-Hydroxy-24-ethyl-(248)- DBA/2 mouse lymphocytes, IDy | ug/mL 112
cholesta-5,28-diene-24-
hydroperoxide
38-Hydroxy-24-ethyicholesta-5,23-  DBA/2 mouse lymphocytes, [Dy 4 ug/mL 112
diene-28-hydroperoxide )
38-Hydroxy-24-ethyicholesta- DBA/2 mouse lymphocytes, IDy 16 ug/mL 112
5.24(28)-diene-29-hydroperoxide
38-Hydroxy-24-cthyicholesta- DBA/2 mouse lymphocytes, IDyg | ug/mL 112
5,24(28)-dien-29-al
24-Ethylcholesta-5,24(28)-diene- DBA/2 mouse lymphocytes, Dy 4 ug/mL 112
38,29-diol
(5Z,7E.24R)-9, 10-Secocholesta- Human lymphocytes, 73% at 25 ug/mL; 14% at 5 ug/mL 141
5.7-diene-38,24,25-triol :
(5Z.7E)-9.10-Secocholesta-5,7- Human lymphocytes, 52% at 25 ug/mL, 9% at § ug/mL 141

diene-1a,3B.25-triol (1x.2S-
dihydroxy-Vitamin D)
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the G, phase of the cell cycle. and its appears that the
G, arrest preceed, indeed lead to suppression of sub-
sequent macromolecule biosyntheses.'*

Yet other data implicate membrane phenomena in
suppression of DNA synthesis. Thus, the 3p3,78-diol
3 and 3B.25-diol 7 but not the water soluble 3B,78-
diol 3 3B,7B-dihemisuccinate suppress DNA synthesis
in murine splenocytes. Incorporation of oxysterol into
the plasma membrane may contribute to the effect.'®
Also. the increased uptake of Ca’* and decreased DNA
synthesis in murine P815 mastocytoma cells treated
with 0.1-1 ug/mL 3B,25-diol 7 suggest that DNA
synthesis may be inhibited as Ca’* influx be stimulated
via membrane events.'!

There are divergent responses for some epimeric
hydroxycholesterols; for instance, while the epimeric
cholest-5-ene-3B,24-diols are equally inhibitory of
DNA synthesis at lower dose, the naturally occuring
(24S)-cholest-5-ene-3,24-diol is almost twice as in-
hibitory at higher dose.

Oxysterols exert other actions in suppressing cell
proliferation, including an in vivo antimitotic activity.
Intravaginal instillation of the 7-ketone 4 or 33,25-diol
7 in mice during the progesterone-dominant phase of
the estrus cycle prevented metaphase figure formation
in vaginal epithelium, but the effect was loca] as rectal
epithelium was not affected. '

Oxysterols are also potent immunosuppressive
agents affecting both generation of cytotoxic lympho-
cytes and their function, by inhibiting lymphocyte pro-
liferation and transformation (blastogenesis), the
mixed lymphocyte response, and the activity of natural
killer cells. Cholesterol 25-hydroperoxide and the
3B.25-diol 7 are immunosuppressive agents.®’ The
3B,25-diol 7 suppresses concanavalin A-, mevaion-
ate-, and phytohemagglutinin-induced transformations
of human lymphocytes'**'>* and inhibits the transfor-
mation of naive murine lymphocytes into differentiated
cytotoxic lymphocytes.'? The 38,7-diols 2 and 3 and
7-ketone 4 were likewise effective in phytohemagglu-
tinin-stimulated human peripheral blood lympho-
cytes. 3136153 [ndeed, 3B,7-diols 2 and 3 administered
intraperitoneally (10~ 50 mg/kg/day) to rats with skin
grafts appeared to prolong graft survival times.'*

The epimeric 38,7-diols 2 and 3 are both potent
suppressors of cytotoxic lymphocyte responses,'* and
the doubly substituted oxysterol cholest-S-ene-
3B.7,25-triol was also immunosuppressive, inhibiting
blastogenesis and mixed lymphocyte response but only
about as much as the 38,7B-diol 3.'%' The 7-ketone 4
{25 pM) or 3B-hydroxy-Sa-cholestan-7-one also in-
hibited spleen cell cytotoxicity and natural killer cell
activity.'®

These suppressor actions appear to derive from in-

hibition of de novo sterol biosynthesis, as cholesterol
is required for proliferation and cytotoxicity of these
cells.!#.136.19.142.145 The effects of the 7-ketone 4 in
inhibiting lymphocyte blastogenesis appear to depend
on the cholesterol:phospholipid ratio in the plasma
membrane.'*° Nonetheless, as in so many other cases
of oxysterols influences, more than one mechanism
may operate. For instance, the 3B,78-diol 3 suppresses
murine spienocyte secretion of interleukin-2 and the
appearance of interleukin-2 receptors in human T lym-
phocytes, both matters being required for final cell
proliferation.'*® Moreover, the 38,25-diol 7 stimulates
biosynthesis of apolipoprotein E in murine peritoneal
macrophages, apolipoprotein E also being recognized
as inhibiting lymphocyte proliferation.'®

In that the irradiation of skin in vivo leads to di-
minished immune system responses and also may gen-
erate oxysterols in situ, it is speculated that com-
promised immune system responses may result from
immunosuppressive oxysterols so formed in irradiated
skin.'* .

Among other diverse activities of oxysterols is the
induction of differentiation of human myeloid leuke-
mia HL-60 cells, the differentiation actually being
measured as an increase in phagocytosis by the HL-60
cells. Here several oxidized derivatives of 25-hydroxy-
Vitamin D, ((5Z,7E)-9,10-secocholesta-5,7,10(19)-
triene-3,25-diol) have pronounced activities (cf. Ta-
ble 4). However, the induction activity was not cor-
related with binding of oxysterols to cytosol receptor
for la,25-dihydroxy Vitamin D, ((5Z,7E)-9,10-se-
cocholesta-5,7-diene-1a,3B,25-triol).*

Oxysterols are also rapidly effective in influencing
thrombin- or adenosine diphosphate-induced aggre-
gation of bovine blood platelets in vitro. Oxysterols
(25 uM) bearing a side-chain hydroxyl feature ((20R)-
cholest-5-en-38-ol, 38,20-diol /0, the isomeric cho-
lest-5-ene-3B,22-diols and cholest-5-ene-33,24-diols,
and 3B,25-diol 7) enhanced thrombin-induced aggre-
gation, but only (22S)-cholest-5-ene-38,22-diol en-
hanced adenosine diphosphate-induced aggregation,
whereas (22R)-cholest-5-ene-3B,22-diol, (24S)-cho-
lest-5-ene-3B,24-diol, and the 38,25-diol 7 inhibited
aggregation. Other common cholesterol autoxidation
products 7-ketone 4 and 5a,6a-epoxide 5 were not
active, but the 3B,5a,6p-triol 6, and 38,5-dihydroxy-
Sa-choiestan-6-one inhibited thrombin-induced aggre-
gations.''”!37-18 The means by which these actions oc-
cur remain uncertain.

However, the related phenomenon of attachment of
cultured Chinese hamster lung Dede cells, Chinese
hamster ovary cells, and mouse L cells to serum-coated
glass prevented in a dose-dependent fashion by 3B,78-
diol 3, 3B8,20-diol /0, 3B8,25-diol 7, 3B-hydroxycho-
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Table 4. Phagocytosis Activities of Oxysterols

Oxysterol

Increased
Phagocvtoss, &

Relative Potencyt

6.19-Epidioxy-(7E)-9. 10-secocholesta-
5¢10).7-diene-1a.3B.25-tnols
6.19-Epidioxy-26.27-hexafluoro-
(7E)-9.10-secocholesta-5(10),7-
diene-3B.25-diols
.19-Epidioxy-24,24-difluoro-
(7E)-9.10-secocholesta-5(10),7-
diene-3B.25-diols
6.19-Epidioxy-(7E.24R)-9.10-
secocholesta-5(10).7-diene-
38.25-diols
6.19-Epidioxy-(7E)-9.10-secocholesta-
5(10).7-diene-3B8.25-diols

(=]

6,19-Epoxy-(7E.19£)-9, 10-secocholesta-
5(10),7-diene-38,25-diol

6,19-Epoxy-(7E.19£)-9.10-secocholesta-
5(10).7-diene-38,25-diol

ca.15-25 (ca. 100 nM) 130-200
ca.55-60 (ca.600 nM)

ca.t§5 (10 aM) 30
ca.55 (100 aM)

ca. |0 (10 nM) 45
ca.35 (ca.60 nM)

ca.50 (ca. 600 nM)

. — 150-200
ca.5 (10 aM) 120-130
ca.20 (60 nM)
ca.50 (600 nM)
ca.10 (ca.6 aM) —

ca.35 (ca.60 nM)
ca.70 (ca.600 nM)
ca.10 (ca.6 nM)
ca.35 (ca.60 nM)
ca.70 (ca.600 nM)

*Data ¢stimated from graphed results .4

*Potencies relative to that of 1a.25-dihydroxy-Vitamin D,.%

lest-5-en-22-one, and 15-ketone /2 was relieved by
exogenous cholesterol. It is presumed that de novo
sterol biosynthesis inhibition resulting in a diminished
ratio of membrane cholesterol to phospholipid thereby
decreased cell membrane adhesion properties.'”® A
similar case wherein the 38,25-diol 7 inhibit the
Ca**-dependent aggregation (and subsequent fusion)
of cultured chick myoblasts may implicate a compro-
mised local availability of membrane sterol but also
may involve effects of membrane Ca?~ flux.'®

These odd in vitro effects of oxysterols thus con-
tinue to implicate both de novo sterol biosynthesis and
membrane effects in complex manner.

ATHEROGENICITY

One of the more prevalent suggestions of oxysterol
biological activity is that of atherogenicity or angio-
toxicity. The suspicion that oxysterols be implicated
in the origins and progression of human aortal athero-
sclerosis has been held for over two decades, but the
matter still remains uncertain. Demonstrations of oxy-
sterols cytotoxicities, discovery of oxysterols in human
aortal tissues and plaques (including recently that of
the 5,6-epoxides 5 and/or 8 and the 3,25-diol 7'¢"),
the increased accumulation of 38,26-diol // and its
fatty acyl esters with advancing age and severity of
atherosclerosis, and identification of the 38,26-diol
11, its esters, and related oxysterols in human blood
combine to provide a basis for this suspicion.*'¢2-'¢7

Indeed, many of the arguments linking cholesterol

to human atherosclerosis may be advanced with equal
validity for oxysterols present in foods, blood, and
aorta] tissues. Were there epidemiological data ex-
amining relationships between atherosclerosis or car-
diovascular disease with plasma oxysterols levels as
independent risk factors, perhaps a more balanced
judgement could be approached.'®®

Crucial to the involvement of oxysterols with aortal
atherosclerosis is the presence of recognized cytotoxic
or atherogenic oxysterols in human blood. Here the
evidence is ample that oxysterols (together with their
fatty acyl esters) occur at appreciable levels distributed
among the plasma lipoproteins. A cholesterol fatty acyl
ester hydroperoxide has also been discovered in human
blood (317 pmol/mL),'® and in WHHL rabbit aorta
lipids,'” once again suggesting that such peroxides
may exist in blood and tissues.

Among the plasma oxysterols indicated to be the
most toxic as well as atherogenic are the 38.25-diol 7
and the 3B.26-diol /7, both of which accumulate in
the human aorta. The 33,5a,6R-triol 6 and 3B,26-diol
11 cause extensive necrosis and an acute inflammatory
response when implanted subcutaneously in rats,* and
the triol 6 and 38,25-diol 7 have been repeatedly iden-
tified as the most active oxysterols in a variety of tests
related to atherosclerosis.

Despite much attention focused on the cytotoxic
properties of oxidized plasma lipoproteins, relatively
little concern for the composition of plasma lipopro-
teins with respect to their oxysterols has developed.'”
Nonetheless, as human plasma contains a variety of
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= oxysterols that increase in amounts as the plasma ages

and also exhibits toxic properties in bioassays. it is not
unreasonable to suspect that plasma lipoprotein oxy-
sterols be implicated in such phenomena.

The cytotoxic properties of rat plasma very low den-
sity lipoprotein (VLDL) do not appear to be from the
3B,25-diol 7.'*" but other oxysterols may be impli-
cated. Support for the view has been adduced by the
lethal effect of intravenous injection of low density
lipoprotein (LDL) previously treated with a microbial
cholesterol oxidase into rabbits bearing aortic athero-
matous lesions. The enzymically oxidized lipoprotein
was also toxic to several cultured cell lines. These
results suggest that lipoprotein cytotoxicity may derive
from the product 3-ketone 9 formed by enzymic oxi-
dation of lipoprotein cholesterol.'®

The common. natural endogenous oxysterols may
distribute differently among the recognized plasma li-
poprotein fractions. Analyses of endogenous human
plasma oxysterols suggest the 7-ketone 4 and isomeric
5,6-epoxides 5 and 8 be present on balance in LDL,
with the 3p,26-diol /7 distributed more evenly (ca.
2:1) between VLDL and LDL on the one hand, high
density lipoprotein (HDL) on the other.'*'* However,
exogenous 38,7a-diol 2, 38,25-diol 7, and 383,20-diol
10 appear to favor distribution into LDL and HDL of

human serum.*' In squirrel monkeys it appears that
exogenous 3B.25-diol 7 is selectively present in VLDL
and LDL but in low levels in HDL.>-2933.164.165 Rapbhit
plasma lipoproteins appear to carry the 7-oxygenated
sterols 2-4 and the 3B,5a.6B-triol 6 selectively in
VLDL, the 3B.25-diol 7 in LDL.** It remains un-
certain what significance, if any, attaches to these
distributions.

One of the most active areas of investigation of
oxysterols with respect to atherosclerosis is that of the
presence of oxysterols in cholesterol-rich processed
foods. However, the obvious concern that chronic
ingestion of low levels of oxysterols be a constant
threat of damage to arteries has yet to be examined
satisfactorily by experiment. In one such attempt White
Carneau pigeons recognized as susceptible to athero-
sclerosis were fed for three months a low level of cho-
lesterol with traces of the 3f,5a,6B-triol 6. Only evi-
dence of damage to coronary arteries was ob-
served.'”

Toxic actions of oxysterols that may be related to
their in vivo atherogenic effects are listed in Table 5
and Table 6. Some of the in vitro observations extrap-
olated to in vivo cases suggest their relationship to
atherogenesis. Thus, suppression of prostaglandin bio-
synthesis in smooth muscle cells in vivo might lead to

Table 5. In Vivo Cytotoxic and Atherogenic Effects of Oxysterols

Oxysterol Test System Results Reference
3B-Hydroxycholest-5-en-7-one ¢ Chicks fed 10-20 mg/d Damage to aorta, toxic to smooth 173
muscle cells
Cholest-5-ene-3B8,25-diol 7 Squirrel monkeys, fed 5 mg/kg Intimal thickening; proliferation of 174
smooth muscle cells, edema;
deposits of cellular detritus and
calcium
New Zealand white rabbits, 2.5 Aorta surface damage, adhering 175, 176
mg/kg intravenously platelets
Sa-Cholestane-38,5,68-triol 6 Squirrel monkeys, fed § mg/ Intimal thickening, proliferation of 177
kg/day smooth muscle cells,
accumulations of collagen fibers,
calcium
New Zealand white rabbits, 2.5 Aorta surface damage, adhering 175, 176
mg/kg intravenously platelets
Wistar rats, per os Damage to aortic smooth muscle 178
cells and epithelium
White Carneau pigeons fed in Coronary artery atheromas 172
diet
Commercial cholesterol Chinchilla rabbits, fed 200 mg/ Serum cholesterol increased 89
(containing oxysterols) kg for 10 weeks
Mixed oxysterols Japanese quail, 0.5% in diet Aortic cholesterol increased 179
Chicks, quail Early decrease in weight gain; 92
lethal!
White rabbits, 250 mg/kg by Increased smooth muscie celi death 164, 180, 181
gavage within 24 h
New Zealand white rabbits, Increased death of aortic medial and 182
1 g/kg by gavage intimal cells by pyknosis; calcium
deposits
Sprague-Dawley rats fed 2% Lipid peroxidation and prostaglandin 183

in diet

formation slightly increased
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Table 6. In Vitro Oxysterois Effects Related to Atherosclerosis

Oxysterol Test System Effects References
Cholest-5-ene-38,7-diols  Rabbit aorta smooth muscle cells Cholesterol uptake inhibited 40% at 184
2.3 50 ug/mL
38-Hydroxycholest-$- Human aorta smooth muscle cells Growth inhibition at 5§ uzg/mL 146
en-7-one 4 Perfused pig carotid arteries Inhibition of LDL uptake by 22% 185
Rabbit aorta smooth muscle cells Cholesterol uptake inhibited 40% at 184
Canine coronary artery cells SO ug/mlL
Weak constriction effect 186
5.6a-Epoxy-5a- Rabbit aorta smooth muscle cells Cholesterol uptake inhibited 60% at 184
cholestan-33-ol § 50 ug/mlL
S.6-Epoxy-5aB- Human aonta smooth muscle cells Growth inhibition at § ug/mL; lysosome 146
cholestan-3B-ols 5.8 activation at 1-10 ug/mL
Sa-Cholestane-38,5,68- Rabbit aorta smooth muscle cells Prostaglandin biosynthesis inhibited 187
triol 6 Albumin transfer across confluent 188
monolayers increased
Cholesterol uptake inhibited 70% by 50 ug/ 184
mL, 90% by 100 xg/mL
Canine smooth muscle cells Toxic at 0.5-6 ug 189
Rabbit vascular endothelium Endocytosis decreased 190
Cholest-5-ene-38,25- Human smooth muscle cells Growth inhibition at § ug/mL, 146

diol 7

Human skin fibroblasts

Human arterial smooth muscle cells

Bovine vascular endothelial cells

Human monocyte J774 macrophages

Canine smooth muscle ceils
Rabbit aorta smooth muscle cells

Swiss-Webster mouse peritoneal
macrophages

White Cameau pigeon aorta smooth

muscle cells
{25R)-Cholest-5-ene- Human skin fibroblasts
38,26-diol /1
(255)-Cholest-5-ene-
38,26-diol

Human skin fibroblasts

toxic at 10 ug/mL;
decreased DNA synthesis at 2 ug/mL;
lysosome activation at 1-10 ug/mL

Increased HDL binding by 20 ug/mlL 120
Increased HDL binding at 20 ug/mL 120
Increased HDL binding at 50-100 ug/mL 191
Decreased LDL receptor activity at | ug/mL 192, 193
Toxic at 1-6 ug 189
Cytotoxic effects 181, 194,
195
Cholesterol uptake inhibited 60% by 194
S0 ug/mbL
Prostaglandin biosynthesis inhibited 187
Apolipoprotein E synthesis increased 3-fold 156
by 5 ug/mL
Increased LDL binding and sterol 196, 197
esterification; suppressed de novo sterol
biosynthesis;
Inhibition of LDL uptake, degradation 198
Inhibition of LDL uptake, degradation 198

increased platelet aggregation and resultant thrombus
formation.'*” However, evidence of possible increased
prostacyclin production in aortal tissues of rats fed
oxysterols is also available.'®® Oxysterol inhibition of
albumin transfer between cells suggests that in vivo
the capacity of the aorta endothelium to act as a se-
lective permeability barrier to plasma protein might be
compromised. '®® These suggestive matters need further
consideration.

Again, the 3B,25-diol 7 and 38,5a,68-triol 6 have
consistently been the most toxic in these several
tests,!74177.181.187.194 The ability of 3B.5a,68-triol 6 to
damage aortal tissue of rats ordinarily resistant to nat-
ural and experimental arteriosclerosis emphasizes its
toxicity in this regard.'™

These two oxysterols appear to exert different toxic
effects by different mechanisms. For instance, the

3B8,5a,68-triol 6 decreases endocytosis activity in cul-
tured rabbit vascular endothelial cells, but the 38,25-
diol 7 had little effect.'® The growth inhibitory effects
of the 38,25-diol 7 may not be reversible, but exog-
enous cholesterol protects partially.'*s Other marked
differences between actions of the oxysterol pair sug-
gest that perhaps the 38,25-diol 7 exert its effects via
suppression of HMGCoA reductase, whereas the
38,5a,6f-triol 6 act by other mechanisms, perhaps via
membrane effects.

The indicated capacity of the 38,25-diol 7 to in-
crease HDL binding in human fibroblasts and arterial
smooth muscle cells'? and that of the isomeric 33,26~
diols /7 to inhibit LDL uptake into human fibroblasts
support further a possible role of these endogenous
oxysterols in the regulation of cellular cholesterol ho-
meostasis. The effect on LDL uptake of the 38,26-
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diols occurs at oxysterol concentrations (ECs, ca. |
u#M) potentially attained in human blood. '

In other cells oxysterol effects may be quite differ-
ent. In J774 macrophages the inhibitory actions of the
3B,25-diol 7 on LDL uptake and HMGCoA reductase
suppression are considerably different from those in
cultured fibroblasts.”® However, just the opposite ef-
fect of the 3B,25-diol 7 effecting increased LDL bind-
ing in aorta smooth muscle ceils of the atherosclerosis-
susceptible White Carneau pigeon appears the case.'™
In a simple study comparing commercial cholesterol
containing oxysterols with purified cholesterol fed
Chinchilla rabbits, where serum cholesterol levels
rather than aortal damage were compared, higher
serum cholesterol levels were attained with the unpu-
rified sample.*®

Despite these several items evincing both acute and
chronic toxic effects of oxysterols associated with aor-
tal atherosclerosis, some evidence suggests otherwise.
An impressive study of the comparative effects of pure
cholesterol versus cholesterol oxidation products fed
rabbits concludes that the oxysterols were less athero-
genic than pure cholesterol, thus in direct opposition
to the weight of evidence adduced on the topic here-
tofore. Moreover, a relatively sweeping conclusion
was voiced with respect to (presumably human) ath-
erosclerosis, ‘‘attention should remain on cholesterol
rather than cholesterol oxides.’”'%-# It is somewhat
surprising that this one recent report that oxysterols
not be atherogenic agents be so rapidly and broadly
accepted in the generalized sense. Several ad hoc state-
ments that oxysterols cannot be primary factors in ath-
erosclerosis have appeared.®-'9-20!

Carefully purified, analyzed, and stored cholesterol
was fed female New Zealand white rabbits for 11 weeks
at 166 mg/kg/day and aortal lesions compared with
those from animals fed cholesterol-free mixed oxy-
sterols generated by oxidizing cholesterol by air in
refluxing toluene. The lesions of the cholesterol-fed
group were more severe by macroscopic and micro-
scopic pathology evaluations than those from groups
fed oxysterols or cholesterol-oxysterols mixtures.

Reconciliation of these results with those of others
is not now possible. The different oxysterols compo-
sition of the mixtures employed, the different doses
administered, and the possibility of synergism in one
or the other study may all be implicated. The most
obvious item that sets the study apart is the means by
which cholesterol was oxidized and the absence of the
highly toxic 3B,5a,6B-triol 6 from the oxysterols
mixture.

Although cholesterol is oxidized in refluxing tol-
uene and the common oxysterols are formed, the oxy-

sterols preparation is subtly different from that derived
by air-aging of cholesterol. It may also be noted that
although [’H]-cholesterol preparations be analytically
pure, for some purposes biological discrimination may
occur among different samples.®*2 Whether traces
of oxysterols are implicated or whether other effects
are involved, these instances suggest caution in hasty
generalizations drawn from study of any one choles-
terol or oxysterol batch.

In another relevant study hybrid hares (Lepus eu-
ropaeus male X Lepus timidus female) fed 1% cho-
lesterol or 1% cholesterol with 0.5 mg/day 3B,25-diol
7 for 7-14 months developed aortal lesions, with no
apparent effect of the 3f,25-diol 7 noted.?

Yet another viewpoint anent oxysterols involvement
in human atherosclerosis has been advanced by Krut.
The well known solubilizing effects of oxysterols on
cholesterol if applicable in vivo might actually solu-
bilize cholesterol from tissue deposits, including those
of aortal lesions. In concept, absorbed dietary oxy-
sterols once present in greater abundance in foods less
protected from spoilage may have been beneficial in
dissolving cholesterol from developing plaques or le-
sions, but with more modern food processing that re-
duces the amount of oxysterols in foods, the once
protection now be less. Accordingly, cholesterol de-
posits are not removed as well, thus increasing the
incidence of aortal lesions and atherosclerosis.?%-208
Some support of this viewpoint is had in the recent
report that white rabbits fed oxysterols (50 mg/day)
from air-aged USP cholesterol appear to protect against
formation of aortal lesions.% 2

Although these ideas are not readily reconciled with
other viewpoints summarized here, cholesterol-rich
foods unprotected from autoxidation do accumulate
higher levels of oxysterols, and more mild processing
or storage methods appear to reduce oxysterols levels.
Whether beneficial or no, diminished oxysterols levels
in foods is now of concern to the food industry, but it
is obvious that subtle factors not now recognized be
implicated in the dietary oxysterol issue.

The monoclonal hypothesis of Benditt suggesting
that aortal lesions are monotypic, arising from a single
cell in which the 5a,6a-epoxide 5 might be the initi-
ating injurious agent,’’® may yet be more seriously
implicated in atherogenesis, as the mutagenic and
transforming capacities of 5a,6a-epoxide 5 (cf. the
ensuing section of this review) and other blood oxy-
sterols be demonstrated. The presence of the 5,6-epox-
ides 5 and 8 in human aortal tissue'®' and blood (par-
titioned into VLDL, LDL, and HDL)" would support
such formulation. However, although mutagens and
cytotoxic components have been found in human



)

300 L. L. SMITH and B. H. JounsoN

VLDL. the activity does not come from oxysterols such
as the 3B,25-diol 7.'*' and detection of aortal tissue
mutagens by the Ames test has not been feasible.*'' "
By contrast, mitogenic activity from human aorta tissue
has been detected by bioassay,*'’ but the activity is not
from lipids. '

Furthermore, an alternative concept of selective sur-
vival of one phenotype over another may account for
the existence of monotypic aorta] lesions. Hybrid Le-
pus europaeus X Lepus timidus hares with glucose 6-
phosphate dehydrogenase isozyme mosaicism in fe-
males, fed 1% cholesterol with or without supplemen-
tal 3B,25-diol 7, develop hypercholesterolemia and
aortal lesions.?™2"* More interestingly, hybrid hares
fed 1% cholesterol plus 33,25-diol 7 or 383,5a,68-triol
6 (but not in hares fed 1% cholesterol alone) developed
monotypic aortal lesions in which the timidus pheno-
type predominated, with similar effects in aorta tissue
without lesions. -2

The ratio of europaeus phenotype to timidus phen-
otype in cultured hare skin fibroblasts appears to be
shifted by exogenous 38,25-diol 7 or by ultraviolet
light irradiation in favor of the europaeus phenotype,
perhaps because the timidus phenotype be more sen-
sitive to toxic effects.?!’-2"" The differential survival
of the europaeus phenotype in vitro but of the timidus
phenotype in vivo establish that major differences be-
tween toxic effects in vitro and in vivo occur! These
results tend to modify the monoclonal hypothesis of
Benditt but demonstrate the power of dietary oxysterols
to produce subtle tissue effects perhaps not so easily
recognized in less well designed studies.

One of the most impressive arguments that strongly
implicates oxysterols as atherogenic agents comes from
epidemiologic study of Indian immigrants in London
who are afflicted with higher than expected mortality
from atherosclerosis but who are not characterized by
the usual high risk factors associated with such disease
frequency. These people continue to consume large
amounts of ghee, the clarified butter used extensively
for Indian cooking and which contains up to 12.3% (!)
oxysterols not found in fresh butter. The oxysterols of
ghee include the 3B,7-diols 2 and 3, one or both 5,6-
epoxides 5 and/or 8, the 38,25-diol 7, and the 38,20-
diol 10. An obvious suggestion arises that it be the
oxysterols of ghee that may cause the high incidence
of human atherosclerosis.*?

Clearly the definitive concept about the relationship
of oxysterols to human atherosclerosis has not
surfaced.

MUTAGENICITY AND CARCINOGENICITY

It is advantageous to discuss developments in stud-
ies of oxysterol mutagenicity and carcinogenicity to-

gether, as there are now reliable demonstrations of both
biological activities for specific oxysterols where here-
tofore there were uncertainties. Cholesterol is neither
mutagenic nor carcinogenic, and recent tests for trans-
formation activity in cultured Syrian hamster
embryo?'*** and HeLa cells*®* confirm this inactivity.
However, it may be noted that enteric bacteria appear
to catalyze binding of cholesterol to calf thymus DNA
in vitro,” and heating cholesterol with creatine may
create mutagenic products,®* which if formed in heated
milk are not detected.®

Moreover, autoxidized cholesterol preparations rich
in polar oxysterols are mutagenic towards Salmonella
typhimurium TA1537, TA1538, and TA9S test strains
in the Ames test, but individual mutagenic oxysterols
have not been identified.*'*® Oddly, neither autoxi-
dized brassicasterol, cholesta-5,7-dien-38-ol, ergo-
sterol, lanosterol, sitosterol, nor stigmasterol were
mutagenic.*'

Demonstration of mutagenicity for specific oxy-
sterols has not been successful.*!1%"226 Similar negative
results are-regularly reported for bile acids on the stan-
dard agar plate bioassays’*® and uncertain results in
liquid incubation bioassays.??’-?*° However, N-nitroso
derivatives of glycocholic or taurocholic acids are mu-
tagenic in a forward mutation bioassay with S. typhi-
murium TM677.2 The co-mutagenic effect of bile
acids towards strains of S. typhimurium®' and their
promoting effect on transformation of fibroblasts in
vitro®? suggest the more highly oxidized sterol deriv-
atives also be toxic agents.

It is not clear whether the routine agar plate bioassay
is adequate, as the test organism may be sensitive to
unrelieved analyte toxicity and physical phase sepa-
ration of analyte from homogeneous dispersions or ve-
hicle may interfere with bacterial respiration. As no
means of adjusting these toxic effects of bacterial sur-
vival and growth exist for the agar plate bioassay, the
use of liquid incubation methods that allow adjustment
of toxicity has expanded, and autoxidized cholesterol
exhibits greater mutagenicity in such bioassay.*

Furthermore, the mutagenicity of specific oxyster-
ols in both bacterial and cultured mammalian cell sys-
tems has now been demonstrated. By such means a weak
dose-response mutagenicity for the initial cholesterol
oxidation products cholesterol 7a-hydroperoxide
(from *0,) and 3B-hydroxy-5a-cholest-6-ene-5-hydro-
peroxide (from 'O;) has been demonstrated using §.
typhimurium TA1537. Both sterol hydroperoxides ex-
hibited toxicity towards the test organism, and phase
separation of analyte occurred at the higher test doses.
Moreover, the test strain metabolized the sterol hy-
droperoxides. The 7a-hydroperoxide was transformed
to the 7-ketone 4 and reduced to the corresponding
3B,7a-diol 2, both being nonmutagenic. However, the
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Sa-hydroperoxide was isomerized under enzyme ca-
talysis to the 7a-hydroperoxide, thus to a mutagenic
species, as well as transformed to the 7-ketone 4 and
reduced to Sa-cholest-6-ene-38,5-diol, these compli-
cations mitigating proper assessment of the true mu-
tagenicity of the sterol hydroperoxides.**%

Additionally, the sterol hydroperoxides may not be
mutagenic per se, as exogenous catalase abolished but
exogenous superoxide dismutase stimulated the mu-
tagenic responses. These results implicate active ox-
ygen species as mutagens, superoxide dismutase
generating hydrogen peroxide from superoxide that
must have been formed in one-electron reduction of
oxygen stimulated by the sterol hydroperoxide ana-
lytes. Hydrogen peroxide then be the ultimate muta-
gen, the action of which is abolished by added
catalase.” Hydrogen peroxide is weakly mutagenic to-
wards S. typhimurium TA100**33 and TA102,2%-27
but induces catalase in several strains®**2® as well as
numerous other proteins, five of which are also induced
by heat shock.”® In that cumene hydroperoxide also
mutagenic towards S. ryphimurium likewise induces
catalase and other proteins,* 2% the same process may
hold for the mutagenic sterol hydroperoxides.

301

The scheme of Figure | summarizes these results
and suggests that the sterol hydroperoxides stimulate
one-electron reduction of dioxygen. Other interpreta-
tions are possible, for example, if sterol hydroperoxide
and hydrogen peroxide interact to form a mutagen.
Erratic bioassay data obtained in bioassay-directed
search of very polar cholesterol autoxidation products
for active mutagens®' may also have involved gener-
ation of hydrogen peroxide or superoxide as the mu-
tagenic species actually detected.

The metabolic transformation of the Sa-hydro-
peroxide to the 7-ketone 4 directly without prior iso-
merization of the Sa-hydroperoxide to the 7a-
hydroperoxide suggests that sterol peroxyl and oxyl
radicals be implicated, as we have seen also in model
chemical systems.**® Whether such oxygen radicals
also be mutagenic has not been addressed.

Although sterol hydroperoxides have not been iden-
tified in vivo, a cholesterol 33-linoleate hydroperoxide
has been detected in human blood plasma.'® If the
steryl ester hydroperoxide be an endogenous metabo-
lite not generated during analysis, its presence in blood
leaves open the possibility that such peroxides affect
in vivo toxicity. Indications are that human aortal lip-
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Fig. 1. Processes implicated in the mutageniciry of sterol hydroperoxides. Abbreviations: S5a-OOH, 3B-hydroxy-5a-cholest-6-

ene-5-hydroperoxide; 7a-OOH, cholesterol 7a-hydroperoxide; R-,

ROOH, sterol hydroperoxide: TA1537, S. ryphimurium TA1537.

intermediate sterol radicals; SOD, superoxide dismutase,
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ids*''*'?and plasmavery low density lipoproteins**' may
accumulate mutagens detectable by the bacterial bio-
assay, but it is uncertain whether such mutagens be oxy-
sterols, oxidized unsaturated lipids, or xenobiotic mut-
agens.**

The Sa.6a-epoxide 5 has been a suspected carcin-
ogen for decades and has been repeatedly tested with
the routine agar plate Ames test using several test
strains of S. ryphimurium, all results being nega-
tive.*"2 Moreover, the inhibition of DNA synthesis
in HeLa cell cultures by the Sa,6a-epoxide 5 shown
in earlier bioassay has since been recognized as from
an impurity in the sample tested.***° Nonetheless, the
mutagenicity of the Sa,6a-epoxide 5 has been dem-
onstrated in V79 Chinese hamster lung fibroblasts.*
The V79 fibroblasts accumulated exogenous Sa,6a-
epoxide 5 and transformed it to nonmutagenic
3B,5a,6B-triol 6 during bioassay, but direct acting mu-
tagenicity was observed. The isomeric 5B,6B-epox-
ide 8 was even more mutagenic than the 5a,6a-epox-
ide 5.9

Both isomeric 5,6-epoxides 5 and 8 are subject to
enzymic hydrolysis to the nonmutagenic but more toxic
3B,5a,6B-triol 6, the greater the hydrolysis the lower
the mutagenic response but the greater the toxicity pro-
voked. Both 5a,6a-epoxide 5, 5B,6B-epoxide 8, and
38.5a,6B-triol 6 were cytotoxic and inhibited thymi-
dine incorporation into DNA (38.5a,68-triol 6 >
5B.6B-epoxide 8 > Sa,6a-epoxide 5).*6:47:244.243 The
5B.6B-epoxide & has also been shown to be active in
a sister chromatid exchange bioassay using cultured
human lymphocytes, whereas the isomeric Sa,b6a-
epoxide 5 and 3B,5a,68-triol 6 were not.** Bioassay
results are thus the sum of the several metabolic and
toxicity effects.

Older claims of carcinogenicity of cholesterol
5a,6a-epoxide 5 in treated test animals have generally
been discounted for want of reliable supporting evi-
dence. What little experimental work that has been
reported (liver tumors and abnormal spleens in B6C3F,
mice fed 1% Sa,6a-epoxide 5 in the diet for 6 weeks)
leaves the matter unsettled.®? Furthermore, the hy-
pothesis that the Sa,6a-epoxide 5 be a carcinogenic
agent formed in situ in skin exposed to irradiation is
also uncertain. Generation of 5,6-epoxides 5 and 8 is
dependent on the amount of irradiation and on resident
antioxidant levels,*”*** and the cutancous levels of
5,6-epoxides formed do not approach those required
to cause tumors in mice.'**** Moreover, the precise
composition of the cholesterol §,6-cpoxides formed in
irradiated skin has not been determined. Accordingly,
whether the 5a,6a-epoxide 5 be carcinogenic in this
setting remains uncertain.

However, the suspected carcinogenicity of the §,6-

epoxides 5 and 8§ may have a more sound basis in the
previously described mutagenicity tests and in recent
studies of cell transforming actions of these oxysterols.
The Sa,6a-epoxide 5 and its metabolite or hydrolysis
product 38.5a.6a-triol 6 both exhibited transforming
activity against cultured Syrian hamster embryo
cells.'®-221.222 Additionally, both isomeric 5,6-epoxides
5 and 8 exhibited transforming activities against cul-
tured V79 Chinese hamster lung fibroblasts and C3H-
10T1/2 mouse embryo cells, the 5B,6B-epoxide 8
being the more potent. The extent of cell transforma-
tion increased with analyte concentration and with ex-
posure time.** [n that cell transforming activity may
be taken as indication of carcinogenicity, these data
now suggest that both 5,6-epoxides and their common
hydrolysis product 38,5a,6B-triol 6 be carcinogenic!

The repeated discovery of the cholesterol 5,6-epox-
ides and the 3B,5a,6B-triol 6 in human tissues asso-
ciated with cancer further supports this viewpoint.
Human breast fluid has been shown to contain muta-
gens detected with S. ryphimurium TA153814¢2% and
fluctuating levels of both §,6-epoxides and 3B,5«,68-
triol 6, the 5B,6B-epoxide 8 predominating.?'*%? Huy-
man prostate gland secretions likewise contain both
5.6-epoxides, in this case the ratio of 5a,6a-epoxide
5 to 5B,6B-epoxide 8 being 10: 1.2 Both 5,6-epoxides
5 and 8 have been measured in human blood as well. "

The general concept that oxysterols may act as *‘al-
kylating’’ agents has been tested with model systems
involving the oxidation of the dienols ergosterol and
cholesta-5,7-dien-3B-ol by I, or by FeCl,/H,0,, pro-
posed as mild oxidation systems ‘‘physiologicaily sim-
ilar’’ to in vivo systems. The reactive oxysterols
formed could be intercepted by 1-methylimidazole,
suggesting such processes as possible ones implicated
in oxysterol mutagenicity and/or carcinogenicity.?

These several studies add new support to the view-
point that cholesterol hydroperoxide and epoxide de-
rivatives be mutagenic and carcinogenic, but in vivo
conclusive tests of the proposition remain to be
conducted.

MEMBRANE EFFECTS

The importance of cholesterol to the stability and
function of cellular membranes is well established;
thus, it is not surprising that oxysterols affecting sterol
metabolism exert significant effects on plasma mem-
branes of cultured cells and on synthetic membranes
in model systems. As in all in vitro study of dispersed
cholesterol, it must be noted that cholesterol is subject
to oxidations occurring during study,”**¢ with both
radical autoxidation and photosensitized oxygenation
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processes generating oxysterols that may affect re-
SU](S.:”_:OO

The incorporation of exogenous oxysterols into
plasma membranes of cultured cells has been repeat-
edly demonstrated. [n the membrane insertion hypoth-
esis it is envisaged that exogenous oxysterol be in-
corporated into membranes, displacing membrane
cholesterol, with attendant effects on membrane sta-
bility and function. [ndeed, in cultured cells such mem-
brane oxysterols may be a continuing source of
intraceltlular oxysterol potentially influencing intracei-
lular events. Demonstration of such effects in vivo has
yet to be addressed.

As examples, human erythrocytes absorb the 7-
ketone 4, cholesta-4,6-dien-3-one, or 1-methyl-19-
norcholesta-1,3,5(10)-trien-3B-ol from phospholipid
liposomes®' and the 38,7-diols 2 and 3, the 38, 20-
diol /0, and 3B-hydroxycholest-5-en-22-one from li-
poprotein-depleted medium.*'-?? Pig aortal tissues in-
cubated in human plasma enriched with the 7-ketone
4 also absorb the oxysterol.?®

Incorporation of exogenous oxysterols into plasma
membranes may aiter cell morphology, survival,
growth, and function. Morphological changes ob-
served by light and electron microscopy include mi-
crovilli development in rat Morris hepatoma HTC cells
treated with the 38,78-diol 3, deformations of bovine
platelets and erythrocytes by the 38,783-diol 3 or (22R)-
cholest-5-ene-38,22-diol,*'-** degeneration of human
glioma cells by the 3B,25-diol 7,'%? and loss of syn-
chrony in beating of cultured chick myocardial cells.''®
Sterol distribution within mouse 3T3 cells following
administration of the 3@,25-diol 7 is readily visu-
alized.’’

The survival of cultured cells in the presence of
oxysterols is greatly compromised, and many instances
appear to involve membrane phenomena (Table 2). The
incorporation of oxysterols into plasma membranes
may not support growth; neither absorption of cholest-
S-en-3-one into human macrophage-like U937 cell
membranes?® nor of several oxystyerols into Myco-
plasma gallisepticum membranes'™ supported cell
growth.

The cytotoxic effects of closely related oxysterols
may be quite different; (22R)-cholest-5-ene-3p,22-diol
and epimeric (225)-cholest-5-ene-38,22-diol are in-
corporated into erythrocytes equaily, but the (22R)-
3B.22-diol is much more effective in lysing
cells.!8-264.267 Correlated with the diminished toxicity
of the (22R)-38,22-diol relative to the (225)-383,22-
diol epimer is diminished inhibitory power in sup-
pressing DNA and HMGCoA reductase activity,'”’ al-
though it remains uncertain how membrane effects are
related to these nuclear events. The differential lytic

effect of the epimeric 3B,22-diols on cultured cells may
derive from the decreased ability of the (22R)-33,22-
diol to interact with membrane phospholipid to form
and maintain a stable and functional membrane. Al-
though the 3B,20-diol /0, (22S)-cholest-5-ene-3pB,22-
diol, (23R)-cholest-5-ene-3B,23-diol, (23S)-cholest-
5-ene-3B,23-diol, 38,25-diol 7, and 3B-hydroxycho-
lest-5-en-22-one appear to interact like cholesterol with
phospholipid in model systems to form a stable mem-
brane system, the (22R)-38,22-diol does not, presum-
ably because of the altered stereochemistry of the side-
chain imparted by the (22R)-22-hydroxyl configura-
[ion‘268-27l

Oxysterol insertion into membranes affects mem-
brane protein and phospholipid structure. Incorpora-
tion of the 3B.7a-diol 2 into the human erythrocyte
membrane results in an increase in protein helical struc-
ture, whereas the 38,20-diol /0 causes increased im-
mobilization of fatty acyl chains within the membrane.
Both synergism and antagonism between cholesterol
and oxysterol may occur in control of membrane pro-
tein and phospholipid fatty ‘acyl chain stereo-
chemistry.zez.m.zvz

The 7-oxygenated oxysterols 3@,7-diols 2 and 3 and
7-ketone 4 have a diminished capacity to condense (to
increase packing order of) phospholipid fatty acyl
chains in phospholipid liposomes,?”'?” but the 38,20-
diol 10, (225)-cholest-5-ene-3B,22-diol, the epimeric
cholest-5-ene-38,23-diols, and 38,25-diol 7 condense
these phospholipid bilayers in the manner of choles-
terol.2%8-27!-21) By contrast, in phospholipid monolayers
the 3B,7-diols 2 and 3 and the 7-ketone 4 exert a con-
densing effect, but the 3B,25-diol 7 does not.?™

These effects in liposomes (and presumably in cel-
lular membranes) may arise from fundamental effects
of oxysterol in reducing the temperature and enthalpy
for the gel to liquid crystal and bilayer to hexagonal
phase transitions. The effects depend on the specific
oxysterol and its amount as well as composition of the
phospholipid implicated.?*270-272-2% The resultant ef-
fect is that of decreased membrane fluidity,?*?”7 with
attendant altered membrane permeability and de-
creased stability.

Oxysterols may also be formed in plasma mem-
branes in situ, as oxidation of membrane cholesterol
by extracellular oxidants may occur. Indeed, mem-
brane sterols may serve as antioxidant protection in
some cases.”’® Moreover, the 3-ketone 9 may be in-
serted into phospholipid liposomes and plasma mem-
branes of erythrocytes and cultured fibroblasts by in
situ oxidation of membrane cholesterol by cholesterol
oxidase.?™-2% The uptake of phosphate anion by human
erythrocytes in vitro is inhibited by such treatment,
and erythrocyte hemolysis is promoted.?**-* Human
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low density lipoprotein oxidized by cholesterol oxidase
(presumably forming 3-ketone 9) becomes toxic to cul-
tured human cells in vitro and lethal to rabbits upon
injection.'®

In some cases the stability of plasma membranes
may be improved by treatment with oxysterols. The
resistance of cultured mammalian cells to the cytolytic
action of streptolysin O is increased by 3B,25-diol 7
or 33,20-diol /0, possibly by lowering plasma mem-
brane cholesterol accessible to the toxin.*” By con-
trast, in vitro uptake of oxysterols into the erythrocyte
plasma membrane causes an expansion of cell surface
area without attendant cell volume changes, thus adim-
inution of osmotic fragility of the erythrocyte. Such
protection is accorded by 25 uM 3B,7a-diol 2, 38,7B-
diol 3, the 7-ketone 4, and the 38,20-diol /0 but also
by cholest-5-ene-38,4B-diol, Sa-cholestane-38,6B-
diol, 3B-hydroxycholest-5-en-22-one, 3B-hydroxy-
Sa-cholestan-6-one, and 38,5-dihydroxy-Sa-choles-
tan-6-one. The more oxysterol inserted into the mem-
brane, the greater the protection, but serum lipoprotein
diminished the effect.’® Erythrocytes from patients

with hereditary spherocytosis also respond in vitro to
the stabilizing influence of oxysterols on osmotic frag-
ility. suggesting possible future directions for phar-
macologic approach to management of this blood
disorder. 8%

Media composition greatly influences these in vitro
results. Thus, oxysterol uptake into cultured human
lymphocytes is decreased in media containing lipopro-
teins. Lipoproteins also are able to remove oxysterols
from lymphocyte and erythrocyte membranes?'-*%® and
from phospholipid-oxysterol monolayers.*”

Several cellular membrane functions influenced by
oxysterols, including sugar uptake and membrane
Na~/K*-ATPase activity (Table 7), must pose a pro-
found stress on cell viability. In these data a clear
distinction may be made between the actions of the
toxic oxysterols 38,5a,6B-triol 6 and 3B,25-diol 7,
the 3B,5«,6@-triol 6 affecting hexose uptake, the
3B,25-diol 7 not.'?7287.21-34 [t {5 reasoned that the
3B,5a,68-triol 6 insert into the plasma membrane,
whereas the 38,25-diol 7 exert its toxic effects via
reduction in de novo sterol biosynthesis.'?729!-2%

Table 7. Membrane Effects of Oxysterols

Oxysterol Membrane System Effects Reference
Cholest-5-ene-38.7a-diol 2 Phospholipid liposomes Decreased glucose permeability 275
Cholest-S-ene-38.78-diol 3 Phospholipid liposomes Decreased glucose permeability 375
38-Hydroxycholest-5-en-7-one ¢ Perfused pig carotid artery Diminished uptake of LDL 185

Phospholipid liposomes Decreased glucose permeability 275
5.6a-Epoxy-5a-cholestan-33-ol 5 Dog brain synaptosomes Na*/K *-ATPase (EC 3.6.1.3) 290
stimulated by ca.l.5 uM
Sa-Cholestane-3 .5,68-triol 6 Rabbit aorta smooth muscle cells Hexose transport decreased by 127, 291-294
5-50 pg/mL
5'-Nucleotidase (EC 3.1.3.5) 127, 293-298
inhibited
Na* /K *-ATPase inhibited 127, 293-298
Cholest-5-ene-38-19-diol Dog brain synaptosomes Na' /K *-ATPase stimulated by 290
ca.l.5 uM
(208)-Cholest-S-ene-38,20-diol /0 Dog brain synaptosomes Na*/K --ATPase stimulated by 290
ca.l.5 uM
(22R)-Cholest-5-ene-38,22-diol Phospholipid liposomes Dye permeability increased 268
(225)-Cholest-5-ene-3p,22-diol Monkey artery smooth muscle cells LDL receptor sites diminished 29
Dog brain synaptosomes Na"/K --ATPase stimulated by 290
ca.l.5 uM
Phospholipid liposomes Dye permeability decreased 268
25-Fluoro-(225)-cholest-S-ene- Monkey artery smooth muscle cells LDL receptor sites diminished 19
IR.22-diol
Cholest-5-ene-38,25-diol 7 Rabbit aorta smooth muscle cells 5’'-Nucleotidase inhibited 127, 293-298
Na*/K " -ATPase inhibited 127, 293-298
Bovine vascular endothelial cells HDL binding sites increased $- 191
to 10-fold by 10-100 ug/
mb
Human fibroblasts LDL uptake and degradation 191, 193
decreased
J774 Macrophages LDL uptake decreased 193
Phospholipid liposomes Decreased glucose permeability 275
increased
(25R)-Cholest-5-ene-38,26-diol Human fibroblasts LDL uptake and degradation 191, 193
11 ) decreased
(255)-Cholest-5-ene-38 ,26-diol Human fibroblasts LDL uptake and degradation 191, 193

decreased
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Intracellular functions may also be moderated by
oxysterol effects on membranes. The incorporation of
the 33.7B-diol 3 into cultured rat hepatoma cells de-
creases membrane fluidity and also DNA biosynthesis
and HMGCoA reductase activity, whereas the water-
soluble 38,78-diol 3 3B8,7B-dihemisuccinate does not
alter membrane fluidity nor HMGCoA reductase ac-
tivity but does decrease DNA biosynthesis. These re-
sults suggest that DNA biosynthesis not depend on
membrane fluidity but that HMGCoA reductase activ-
ity does.?”” Attention to correlations of oxysterol in-
sertion into membranes and attendant effects on
fluidity with HMGCoA reductase activity, DNA bio-
synthesis, and other intracellular functions is much
needed.

The effects of oxysterols acting on cel] membranes
may involve yet another fundamental process, that of
Ca®* metabolism. Oxysterols modulate Ca’* influx
and efflux in cultured cells apparently by being incot-
porated into cell membranes. Indeed, toxicities of the
isomeric 5,6-epoxides 5 and 8 and 3B,5a,6p-triol 6
on endothelial cells, V79 lung fibroblasts, and hepa-
tocytes are significantly reduced in cultures grown in
Ca’*-deficient media.”® However, more than one
mechanisms for Ca?* effects may exist.

The implication of intracellular Ca?* as an intra-
cellular **second’’ messenger of extracellular stimuli
is indicated here. In human erythrocytes (with blocked
Ca’*-ejecting ATPase) Ca’* influx and efflux is con-
trolled by adjustment of the ratio of membrane cho-
lesterol to phospholipid, a ratio above 1.4 giving
increased Ca?* influx, a ratio below 0.75 causing a
decreased influx. Similar variations may be im-
posed by oxysterols, Ca’* influx being increased by
the 38,5a,6B-triol 6, (22S)-cholest-5-ene-38,22-diol,
3B.5-dihydroxy-Sa-cholestan-6-one, and 3B-hydroxy-
5a-cholestan-7-one but decreased by the 38,7B-diol 3,
7-ketone 4, 38,25-diol 7, and 3B,20-diol 10.%'-3% In
rat hepatocytes and platelets the 7-ketone 4, 38, 5a,68-
triol 6, and 3B,26-diol /I stimulate Ca?* influx, but
Ca’* efflux is increased by the isomeric 5,6-epoxides
5 and 8.47% The 3B,25-diol 7 increases Ca’* uptake
into cultured murine P815 mastocytoma cells.'®

These results appear to derive from incorporation
of oxysterol into the plasma membrane, thereby af-
fecting membrane cholesterol content, membrane flu-
idity, and the associated Ca’* channels.*®-*" The same
kinds of effects may be had in phospholipid liposomes,
where uptake of Ca’* is also affected by oxysterols,
the 3B.25-diol 7, 3B,26-diol /1, and 25-hydroxy Vi-
tamin D, all increasing Ca’** uptake into liposomes.
Uptake of other divalent cations Mn?*, Mg?*, Sr**,
and Ba?* is also increased by the 3B,25-diol 7.30%-38

Physical chemical investigations of artificial bilayer

lipid membranes suggest that incorporation of oxy-
sterols into the membrane affects the potential energy
barrier to inorganic ion conduction through the mem-
brane as well as membrane fluidity and molecular
packing characteristics.’® Factors influencing ion
conductance in the ‘‘black lipid membrane’” model
(containing oxidized cholesterol) include a negative
surface charge’'® and an increase in elasticity caused
by Ca’*, possibly adsorbed to the membrane oxysterols
by a chelation effect.’"! The conductivity of such mem-
branes, including formation of channels or pores, may
be influenced by exogenous components that may or
may not penetrate the membrane or be incorporated
into i‘.IIZ.JIJ

Oxysterols may interact with fatty acyl groups in
other ways as well. Thus, cholesterol and cholest-5-
ene-38,4B-diol form cylindrical ‘‘myelin’’ tubes with
sodium oleate aqueous solutions but the 38,25-diol 7,
which has lost the amphiphilic character of the sterol
molecule, does not.’"

Another mechanism by which oxysterols (choles-
terol 25-hydroperoxide) may affect Ca’* metabolism
1s via inhibition of the protein calmodulin implicated
in a variety of Ca?*-dependent events.*2® This inhi-
bition would have the effect of suppressing actions of
Ca’* on intracellular processes, including the Ca®*-
calmodulin kinase inhibiting HMGCoA reductase and
thereby de novo sterol biosynthesis.>'*-*'7 This result
coupled with the other influences of oxysterols on
membrane function in Ca?* metabolism cited here pose
alternative mechanisms by which HMGCoA reductase
activity be regulated.

EFFECTS ON SPECIFIC ENZYMES

Oxysterols affect the activity of several specific en-
zymes implicated in sterol metabolism, including
HMGCoA reductase, acyl cholesterol: acyl coenzyme
A O-acyliransferase (ACAT), the cholesterol side-
chain cleavage cytochrome P-450,. system, choles-
terol 7a-hydroxylase, cholesterol 5,6-epoxide hydro-
lase, and less well characterized 4- and 14-methylsterol
oxidases. The cytoplasmic enzymes acetoacetyl coen-
zyme A thiolase, HMGCoA synthase, and mevalonate
kinase also implicated in sterol biosynthesis are like-
wise affected by oxysterols. Both inhibition and stim-
ulation are observed, and different oxysterols may have
opposing actions in the same system. However, the
matter may be one in which an oxysterol influence on
an enzyme be an effect on another process that then
affects the enzyme activity. A considerable awareness
of sterol biochemistry must be had to delve into these
several complexities.
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3-Hydroxy-3-methylglutaryl Coenzvme A
Reductase (EC 1.1.1.34)

By far the one enzyme of major interest is endo-
plasmic reticulum HMGCoA reductase implicated as
regulatory enzyme in de novo sterol biosynthesis. The
reductase is a transmembrane glycoprotein that trans-
forms 3-hydroxy-3-methylglutaryl coenzyme A into
mevalonate by a four-electron reduction and is subject
to rapid regulation by phosphorylation®*-*” and to a
slower multivalent feedback regulation.’'*-3%0

The reductase, together with cytosol acetoacetyl
coenzyme A thiolase, HMGCoA synthase, mevalonate
kinase, ACAT, LDL receptor synthesis, and squalene
synthase, is intimately involved in maintenance of cel-
lular cholesterol homeostasis. The two recognized
sources of external plasma lipoproteins and internal de
novo sterol biosynthesis for maintaining cholesterol
homeostasis plus the variability of tissue specific cho-
lesterol biosynthesis®?' presents a complex arena of
regulatory processes yet to be sorted into definitive
description.

The rate of de novo sterol biosynthesis seems in-
versely proportional to plasma lipoprotein availability,
with LDL cholesterol and oxysterols implicated as in-
hibitors of HMGCoA reductase activity***22-32 as well
as of three other cholesterogenic enzymes acetoacetyl
coenzyme A thiolase,’*>-%5 mevalonate kinase,’ and

HMGCoA synthase (EC 4.1.3.5)**-%*' However, ox-
ysterol effects on HMGCoA reductase activity in
arthropods (tobacco hornworm Manducca sexta, fruit-
fly Drosophila melanogaster) have not been dem-
onstrated.**:*4

Two major interests devolve on these matters: 1)
discovery of oxysterol chemotherapeutic agents useful
for decreasing viability and growth of tumor cells in
treatment of cancer and for suppression of de novo
sterol biosynthesis potentially lowering plasma cho-
lesterol levels with respect to present concerns about
cardiovascular disease and 2) discovery of the means
by which oxysterols (or cholesterol) act in regulating
the activity of HMGCoA reductase in vitro.

Oxysterol synthesis programs have been mounted
for potential chemotherapeutic agents; synthesis of an-
titumor oxysterols has been mentioned in the Cytotox-
icity section of this review. Chemical synthesis of
oxysterols as inhibitors of HMGCoA reductase activity
is centered around nuclear-substituted oxysterols, par-
ticularly C,s-sterol 15-ketone derivatives, 3% but
side-chain substituted derivatives have also been
prepared. 23!

These actions of oxysterols in suppressing de novo
sterol biosynthesis and HMGCoA reductase activity in
divers cultured cells are summarized in Table 8 and
Table 9, and comparison of both actions in mouse fi-
broblasts (L cells) is made in Table 10. Although most

Table 8. Oxysterols Inhibition of De Novo Sterol Biosynthesis

Oxysterol Cell System Reference
Cholest-5-ene-38.78-diol 3 Guinea pig lymphocytes, 20 ug/mL 362
3B-Hydroxycholest-5-en-7-one 4 Human peripheral blood mononuclear cells 139

Human jejunum enterocytes, ca.50% inhibition at 20 uM 363
MRC-5 Lung fibroblasts, 50% inhibition by 1.5 ug/mL 364
Cholest-5-ene-38,25-diol 7 Human hairy cell leukemia, human peripheral blood mononuclear cells, 139, 140, 365
HDy, 0.08-0.5 uM; lymphocytes
Human artery smooth muscle cells 127
Human bone marrow granulocytic progenitor cells, 89% inhibition by 1 118
uM
Human fibroblasts, 1.25 uM 119, 366
Human keratinocytes 366
Monkey artery smooth muscle cells 147, 148
Rabbit ilea] mucosa segments, 0.05-0.5 mM 367
Guinea pig lymphocytes, 20 ug/mL 362
Murine myoblasts 145, 160
Mouse L cells, 88% inhibition by 0.25 ug/mL 287
Swiss 3T3 mice cells, 10-50 nM 147, 265
Myoblasts, | ug/mL 160
Epicutaneous application to Hr/Hr hairless mice 368
(208)-Cholest-5-ene-38,20-diol Mouse L cells, 88% inhibition by 0.50 ug/mL 287
10
Cholest-5-ene-3B,22-diol - Human skin fibroblasts 369
Sa-Chyolestane-38,5.6B-triol 6 Human artery smooth muscle cells 127
Cholesta-5,7,9-trien-3B-ol MRC-5 Lung fibroblasts, 50% inhibition by 2.5 u4g/mL 364
Sa-Lanost-8-ene-38,25-diol IEC-6 Rat intestinal epithelial cells, IDy ca.0.1 uM 370
Sa-Lanost-8-ene-38,32-diol Mouse fibroblasts mn
25-Hydroxy-Sa-lanost-8-en-3-one  [EC-6 Rat intestinal epithelial cells, IDy c2.0.5 uM 370
3B-Hydroxy-5a-lanost-8-en-32-al  Mouse fibroblasts 3n
24,25-Epoxy-5a-(24S)-lanost-8- IEC-6 Rat intestinal epithelial cells, IDy ca.0.3 uM 370

en-3B-ol
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Table 9. Inhibition of HMGCoA Reductase In Vitro by Oxysterols

Oxysterol Cell System Inhibition Reference
Cholest-5-ene-3B,7a-diol 2 Mouse fibrobiasts [Dyg 2.5 uM 71, 355, 357, 372
Cholest-5-ene-38,73-diol 3 Mouse fibroblasts [Dy 1.9-2.7 uM 71. 355, 357, 372
3B-Hydroxycholest-5-en-7-one 4 Human lymphoid cells 83% by 5 ug/mL 373

Human lymphocytes 61% by S ug/mL; 153
98% by 25 ug/mL
Human fibroblasts S ug/mL 374
Hela cella 58% by 1 ug/mL 336
Glial cells Inhibition 375
Lung MRC-§ fibroblasts [Dg 1.25 ug/mL 364
Rabbit ileal mucosa 0.05-0.5 mM 367
Chinese hamster ovary CHO-K1 cells 1Dy 1.5 uM 376
Rat liver cells Dy 1.5 uM m
Rat embryo fibroblasts 93.5% by 6 uM 137
Mouse fibroblasts IDyg 1.7-2.5 uM 71. 355, 357, 372
(208)-Cholest-5-ene-38-20-diol (/0) Rat embryo fibroblasts 93.1% by 6 uM 137
Mouse fibroblasts 1Dy 0.30-1.5 uM 71,372
(225)-Cholest-5-ene-38.22-diol Human lymphocytes 67% at 5 ug/mlL; 141
95% at 25 ug/mL
(23R)-Chotest-5-ene-38.23-diol Human lymphocytes 35% by S ug/mL 141, 378
Rat embryo fibroblasts 67% by 6 uM 13?7
(235)-Cholest-5-ene-38,23-diol Human lymphocytes 89% by 5 ug/mL 141, 378
Rat embryo fibroblasts 92.9% by 6 uM 137
(24R)-Cholest-5-ene-38,24-diol Human lymphocytes 85% at S ug/mL; 141
9% at 25 ug/mlL
(248)-Cholest-5-ene-38.24-diol Human tymphocytes 87% at 5 ug/mk; 141
97% at 25 ug/mL
Cholest-5-ene-38,25-diol 7 Human aorta smooth muscle cells 80% at | ug/mL 127, 147
Human lymphocytes 93-95% at 5 ug/mlL 141, 153
Human keratinocytes 84% by 1.25 uM 365
Human glioma cells Inhibition 379
Human fibroblasts 5 ug/mL 374, 380
Hela cells 78.5% by | ug/mL 336
Vascular endothelium cells 90% at 2 ug/mL 191
J774 macrophages 0.3 ug/mL 193
Fibroblasts 0.) ug/mL 193
Dog ileal mucosa segments 100 ug/ml 384
Chinese hamster ovary CHO cells 50% by 0.1 ug/mL 382
, Chinese hamster ovary CHO, TR-74  Inhibition by { ug/ 383
cells mL
Chinese hamster ovary CHO-K1 cells  80% at 0.25 uM 337, 384-386
Chinese hamster ovary UT-1 cells 50% by ca.0.1 ug/ 41
mL
Rat hepatocytes 50% by 50 uM 387, 388
Rat C-6 glioma 2.5 uM 122
Rat embryo fibroblasts 93.6% by 2.5 ug/ 137, 149
mL
Rat embryo L, myoblasts Inhibition by 0.16 145
ug/mb
Rat IEC-6 intestinal epithelial cells 50% by ca.0.1 ug/ 389
mL
Mouse fibroblasts IDy 0.05-0.17 uM 71, 372, 390, 391
Mouse thymocytes IDy ca.4 uM 392
Mouse P388D, macrophage-like cells 2.5 uM 393
Chicken myoblasts 80% by 5 ug/mL 339, 340
(25R)-Cholest-5-ene-38.26-diol /1] Human lymphocytes 9% by 5 ug/mlL 141
Chinese hamster ovary CHO-K1 cells  36% at 0.25 uM 37, 386, 394
Mouse fibroblasts IDy 0.26 uM I
(258)-Cholest-5-ene-38.26-diol Mouse fibroblasts [Dy 0.16 M 71
24,25-Epoxy-{24S)-cholest-5-en-3B-ol Mouse fibroblasts Dy ca.350 ng/mL 391, 395
(13) o
3B-Hydroxy-5a-cholestan-6-one Mouse fibroblasts Dy 0.8-1.5 uM 71,372
Sa-Cholestane-3,6-dione Mouse fibroblasts [Dy 0.8 uM n
Cholesta-5,20(22)-diene-38,25-diol Rat embryo fibroblasts 93.8% at 6 uM 137
Cholesta-5.23-diene-38,25-diol Human lymphocytes 95% at S ug/mlL 141
Cholesta-5,20(22)-diene-38,25-diol Human lymphocytes 68% at 5 ug/mi.; 141
84% at 25 ug/mL
26-Norcholest-5-en-3B-ol Human lymphocytes 89% at 5 ug/mL 141
Human lymphocytes 51% at S ug/mb.; 141

38-Hydroxycholest-5-en-22-one

96% at 25 ug/mL
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Table 9. (Continued)

Oxysterol Cell System Inhibition Reference
25-Fluoro-i22S)-cholest-S-ene-33,22-diol Human fibroblasts >95% by | ug/mL 299, 361
Cultured monkey smooth muscle 0.25 ug. mL 399
cells
25-Methyt-1228)-cholest-5-ene-3B.22-diol Human fibroblasts 95% by | ug/mL 361
1225)-26.27-Cyclocholest-S-ene-38.22-diol  Human fibroblasts >95% by | ug/mL l61
Sa-Lanost-7-ene-38.32-diol Human lymphocytes 59% 1125 uM 396
Sa-Lanost-8-ene-38.25-diol [EC-6 Rat intestinal epithelial ceils IDg 0.085 uM 370, 197, 398
24,25-Epoxy-Sa-(24R)-lanost-8-en-3B-ol [EC-6 Rat intestinal epithelial ceils [Dg ca.0.2 uM 370. 397, 398
24,25-Epoxy-5a-(245)-lanost-8-en-3B-ol [EC-6 Rat intestinal epithelial ceils Dy ca.0.25 uM 370. 397, 398
25-Hydroxy-Sa-lanost-8-en-3-one - [EC-6 Rat intestinal epithelial cells [De 0.418 uM 370, 397, 398
(24£)-5a-Lanosta-8.25-diene-38 . 24-diol Human lymphocytes 93% at 5 ug/mlL 141
(24£)-5a.98-9,19-Cyclolanosta-8.25- Human lymphocytes 99% at 5 ug/mL 141
diene-38,24-diol
(5Z.7E)-9,10-Secocholesta-5,7-diene- Human lymphocytes 63% at 5 ug/mL; 141
38,25-diol 93% at 25 ug/ml
(5Z,7E.24R)-9,10-Secocholesta-5,7-diene-  Human lymphocytes 66% at 5 ug/mL, 141
38.24.25-triol 93% at 25 ug/mL
(5Z.7E)-9,10-Secocholesta-5,7-diene- Human lymphocytes 0% at § ug/mL; 141
la,3B.25-triol 20% at 25 ug/mL
Table 10. Synthetic Oxysterols Inhibitory Actions in Mouse Fibroblasts (L-Ceils)
Sterol HMGCoA
Biosynthesis, Reductase,
Oxysterol 1Dy, uM 1Dy, uM* Reference
Cholest-5-ene-33.19-diol — 2.7 I
(22R)-Cholest-S-ene-38,22-diol —_ 8.2 71
(225)-Cholest-5-ene-38.22-diol —_— 1.9 71
(24R)-Cholest-5-ene-38,24-diol — 063 395
(245)-Cholest-S-ene-38.24-diol — 0.78 395
14a-Hydroxymethyl-Sa-cholest-6-en-38-ol 0.2 0.5-0.82 71, 348
14a -Hydroxymethyl-Sa-cholest-7-en-38-ol 2.0 33 348. 399
14a-Hydroxymethyl-Sa-cholest-8-en-3B-ol 4.0 6.8 348
Sa-Cholest-7-ene-38.1 1 a-diol 0.55 7
Sa-Cholest-7-ene-38 ., 14a-diol 7.0 50 95, 400
Sa-Cholest-7-ene-38.15a-diol —_ 0.50 1!
Sa-Cholestane-38.15a-dioi — 0.50 71
(208)-27-Norcholest-5-ene-38 . 20-diol — 0.77 "
27-Norcholest-5-ene-33,25-diol — 0.86 i
(20S)-26,27-Bisnorcholest-5-ene-38 , 20-diol - 1.2 b
(20S)-Chol-5-¢ne-38.20-diol — 9.7 "
Sa,14B-Cholest-7-ene-3B., 1 5a-diol 32 6.7 358
158-Methyl-5a,14B-cholest-7-ene-3B.15a-diol 3.0 3.0 358
1 1a-Hydroxy-5Sa-cholest-7-en-3-one — 0.50 n
14a-Hydroxy-5a-cholest-7-en-3-one 5.0 8.0 95, 400
14a-Hydroxymethyl-Sa-cholest-6-en-3-one 038 1.0 348
l4a-Hydroxymethyl-Sa-cholest-7-en-3-one 4.0 2.0 348
15a-Hydroxy-5a-cholest-7-en-3-one — 0.41 7t
| 5a-Hydroxy-5a-cholestan-3-one — 0.80 7
25-Hydroxycholest-4-en-3-one — 35 71
3B-Hydroxy-5a-cholest-8-en-7-one — 1.1 357
3B-Hydroxy-5a-cholest-8-en-1 1 -one - 9.0 357
3B-Hydroxy-5a-cholest-9(11)-en-12-one — 1.0 71
3B-Hydroxy-Sa-cholest-8(14)-en-15-one ({2) ’ 0.1 0.1-0.3 71, 95, 372
3B-Hydroxycholest-5-¢ne-22-one — 1.4-3.2 71,372
3B-Hydroxycholest-5-en-24-one — 1.0 n
25-Hydroxycholesta-4,6-dien-3-one —_ 1.8 n
25-Hydroxycholesta-3,5-dien-7-one — 10 7
Sa-Cholest-9(11)-ene-3,12-dione — 1.0 n
Sa-Cholest-8(14)-ene-3.15-dione — 0.1 71
9a.11a-Epoxy-Sa-cholest-7-en-38-ol — 2.3 357
l14a,15a-Epoxy-Sa-cholestan-38-ol 5.0 4.0 9s
24,25-Epoxy-(24R)~cholest-5-en-38-ol (13) — 1.57 395
24,25-Epoxy-(24S)-cholest-5-en-3p-ol — 0.89 391, 395, 401
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Table 10. (Continued)

Sterol HMGCoA
Biosynthesis, Reductase,

Oxysterol [Dg. uM [Dyp. uM* Reference
Sa-Cholestane-38.14a,158-triol 4.8 —t 95
3B.25-Dihydroxycholest-S-en-7-one - 0.48 T
38 .9a-Dihydroxy-5a-cholest-8(14)-en-[5-one — 0.40 71, 346
3B.14a-Dihydroxy-5a-cholestan-15-one 2.0 —t 95
14a-Hydroxy-Sa-cholestane-3.15-dione 5.5 —t 95
3B-Hydroxy-Sa-cholest-8(14)-en-15-one (/2) oxime 0.7 0.2 95
Sa-Cholest-8([4)-en-15-one 1.0 3o 354
7a,158-Dichloro-Sa-cholest-8(14)-en-38-ol 2 0.6 344
7a.158-Dichloro-5a-cholest-8(14)-en-33-ol 3B-benzoate 2 0.6 144
9a-Fluoro-3B-hydroxy-5a-cholest-8(14)-en-15-one 0.2 — 346
9a-Fluoro-Sa-cholest-8(14)-ene-3. [ 5-dione 0.2 0.20 71.346
4.4-Dimehtyicholest-5-ene-3f . Ta-diol — 1.5-1.7 71, 355, 357
4.4-Dimethylcholest-5-ene-3p.78-diol — 1.5-1.7 71, 355. 357
4.4-Dimethyl-5a-cholest-7-ene-3B .1 5a-diol 0.05 — 150
4.4-Dimethyl-5a-cholest-8-¢ne-38, [ 5B-diol <l — 350
3@-Hydroxy-4,4-dimethylcholest-S-en-7-one — 1.5 71, 355, 357
38-Hydroxy-4.4-dimethyl-Sa-cholest-8(14)-en- 1 S-one 0.05 — 350
14a-Hydroxymethyl-5Sa-cholest-7-ene-3B. 1 5a-diol 0.2 0.4 348
14a-Hydroxymethyl-5a-cholest-6-ene-38. [ Sa-diol 0.7 0.5 348
|5a-Hydroxy- 1 4a-hydroxymethyl-5a-cholest-7-en-3-one 0.8 1.0 348
l14a-Methyl-Sa-cholestane-38 . 7a. [ Sa-triol 0.7 20 348
Sa-Lanostane-38.9a-diol 31 1.0 349
Sa-Lanost-7-ene-38. 1 Sa-diol 0.08 —_ 350
Sa-Lanost-7-ene3B.158-diol <l — 350
Sa-Lanost-6-ene-3B.32-diol — 0.44 71
Sa-Lanost-7-ene-38.32-diol — 1.0-1.7 71, 372
Sa-Lanost-8-ene-38.32-diol — 0.70-2.5 71, 371, 372
32-Methyl-5a-lanost-7-ene-3B.15a-diol —_ 0.20 n
9a-Hydroxy-5a-lanostan-3-one 3.4 3.0 349
3B-Hydroxy-Sa-lanost-7-en-15-one <} — 350
25,25-Epoxy-5a-(24R)-lanost-8-en-3B-ol — .60 395
24.25-Eposy-Sa-(245)-1anost-8-en-38-ol — 0.68 395
7a.32-Epoxy-5a-4,4-bisnorianostan- 38-ol 0.8 3.0 348
7a.32-Epoxy-5a-4,4-bisnorlanostane-38.15a-diol 9 >74 348

*Comparison data for the 3. 7a-diol 2, 2.5 uM; 3B.7B-diol 3. 1.9-2.7 uM; T-ketone 4. 1.7 UM 3339

*Not active at highest dose tested. ™

data tend to support suppression of HMGCoA reduc-
tase activity as the primary site of action of oxysterols
on de novo sterol biosynthesis, inhibitory actions occur
at later steps of de novo sterol biosynthesis, including
transformation of Csq-sterols to Cy;-sterols®s? discussed
later in this review and enzymes affecting C,;-sterol
transformations.?*'*2 It is crucially important to note
that these actions of oxysterois on HMGCoA reductase
are demonstrated only with intact mammalian cells.
The isolated solubilized enzyme is partially degraded
and unresponsive to oxysterols.

Several correlations between oxysterol structure and
inhibitory actions may be made from these data. Al-
though a 3B-hydroxyl group characterizes most, there
is diminished activity in some but not all 3B-es-
ters. >4 Moreover, a C-3 substituent is not necessary,
5a-cholest-8(14)-en-15-one (but not Sa-cholest-8(14)-
ene-7a.15a-diol) being inhibitory. The 3a-chloro-5a-
cholest-8(14)-en-15-one is also inactive.”'>* Increased

inhibitory activity is generally had for oxysterols with
a greater spacial separation between the C-3 and second
oxygen function, thus with oxygen function in the D-
ring or side-chain.’?3243 However, the means by
which oxysterol be presented cultured cells,*®* dif-
ferential uptake of oxysterol by cultured cells,’® vary-
ing cell densities during bioassay,*® and metabolic
deactivation may influence bioassay results.

The suppression of de novo sterol biosynthesis in
most of these cases appears to be via inhibition of
HMGCoA reductase, thus by the now anticipated mode
of action of the natural oxysterols. However, bioassay
data in L cells (Table 10) for four of these oxysterols
indicate that suppression of HMGCoA reductase ac-
tivity is not the mode by which de novo sterol biosyn-
thesis is inhibited. Whether these synthetic oxysterols
affect these results by insertion into the L cells plasma
membrane, by inhibitions at later phases of de novo
sterol biosynthesis (oxidative removal of the 4- and 14-
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methyl groups), or by some as yet undiscovered pro-
cess remains uncertain.

In a few instances synthetic oxysterols have been
examined in vivo, but development of an effective and
safe oxysterol pharmacological agent for control of
plasma cholesterol levels has yet to materialize.**” One
of the most promising is the 15-ketone /2 which ef-
fectively inhibits HMGCoA reductase activity and de
novo sterol biosynthesis in vitro and displays an in
vivo hypocholesterolemic action in rats, rhesus mon-
keys, and baboons*3%%-33:408-411 byt also may reduce
intestinal absorption of dietary cholesterol*'? and pro-
voke toxic effects of appetite and weight loss in rats
fed the oxysterol.”

Indeed, the |5-ketone /2 has a potential advantage
of being metabolized to cholesterol both in vitro*'* and
in vivo,*'*41% 3 metabolic fate also shared by another
de novo sterol biosynthesis inhibitor Sa,14B-cholest-
7-ene-3B,15a-diol .*'¢

The 15-ketone /2 has other actions as well; cytosol
acetoacetyl coenzyme A thiolase and HMGCoA syn-
thase are inhibited in cultured cells in the same manner
as HMGCoA reductase.’* Furthermore, esterification
of cholesterol by rat liver and jejunum microsomal
ACAT in vitro is inhibited at the same time the 15-
ketone /2 is esterified. Jejunum ACAT is more sen-
sitive to inhibition by /2 than liver ACAT.*"" The in-
hibition is also achieved in vivo.*'* These results may
account for the diminished intestinal absorption of di-
etary cholesterol on rats fed 0.05% 15-ketone /2.4"?
The stimulated action of jejunum ACAT on |5-ketone
{2 also provides basis for the metabolism of 15-ketone
12 to fatty acyl esters in animals fed the oxysterol.*!*4!3

Of side-chain variant oxysterols 25-fluoro-(228S)-
cholest-5-ene-3B,22-diol and 25-methyl-(22S)-cho-
lest-5-ene-38,22-diol suppress HMGCoA reductase
activity in vitro in human fibroblasts and in vivo in
liver of rats fed 0.5 mg/kg. Total plasma cholesterol
levels are lowered by 15-18% in rhesus monkeys fed
either oxysterol at 10 mg/kg/day.?-*¢' Liver homog-
enates from mice fed the degraded cholesterol autox-
idation product pregn-5-en-38-ol (0.25-0.50% in the
diet) also exhibited diminished de novo sterol
biosynthesis.*

Not all oxidized sterol inhibitors of de novo sterol
biosynthesis need be oxygenated, as cholesta-5,7,9-
trien-3B-ol but not cholesta-S,7-dien-3B-ol nor Sa-
cholesta-7,9-dien-3B-ol is inhibitory.’® Also, other
unoxidized cholesterol derivatives may suppress
HMGCoA reductase and de novo sterol biosynthesis;
water soluble cholesterol polyoxyethyl ethers (10 uM)
inhibit HMGCoA reductase and de novo sterol bio-
synthesis in cultured human skin fibrobiasts but also
interfere with de novo fatty acid biosynthesis, thus

involving different modes of action than oxysterols
which do not affect fatty acid metabolism.*'® An op-
posite effect on de novo sterol biosynthesis is obtained
in rats fed 2% cholesterol polyoxyethyl ethers. where
increased hepatic de novo sterol biosynthesis results
from reduced intestinal absorption of dietary choles-
terol.**® An analogue cholesterol methoxypolyoxyethyl
ether inhibits HMGCoA reductase of cultured rat liver
cells (IDgp 2.5 uM): in this case the inhibition appears
to be via decrease in amount of reductase, and a decline
in HMGCoA reductase messenger RNA preceeds de-
cline in HMGCoA reductase.’”

Water soluble cholesterol 33-sulfate also suppresses
HMGCoA reductase activity in cultured human fibro-
blasts.’® As oxysterols, cholesterol 3B-sulfate, and
cholesterol (LDL) all suppress HMGCoA reductase ac-
tivity and thereby de novo sterol biosynthesis in vitro,
attention is drawn to the question of how these effects
are accomplished. In that all three are present in vivo
in the human and oxysterols and cholesterol are present
in the human diet, there is also raised the question
whether any one be the sole agent implicated in vivo
or whether oxysterol, cholesterol, and cholesterol 38-
sulfate interact in unprobed complex fashion in phys-
iological reality.

These several items implicating oxysterols in the
suppression of HMGCoA reductase activity and
thereby of de novo sterol biosynthesis provide the basis
for an hypothesis that endogenous oxysterols regulate
HMGCoA reductase activity in vivo. The hypothesis
initially put forth by Chen and Kandutsch but since
modified to take into account more recent discoveries
of inhibitory oxidized lanosterol derivatives*?! suggests
that C,;-oxysterols such as the 3B-25-diol 7 formed
from cholesterol and desmosterol 24,25-epoxide (/3)
derived from (3§,22S)-squalene 2,3:22,23-bisepoxide
serve as endogenous regulators of HMGCoA reductase
activity through initial interaction with an intracellular
protein, the *‘oxysterol binding protein’’, followed by
action of the protein-bound oxysterol at or in the cell
nucleus to suppress de novo synthesis of HMGCoA
reductase. *2242* The hypothesis is outlined in Figure 2.

The putative regulatory system is likened to those
implicated in the actions of mammalian Cq-, Cys-, and
C,-steroid hormones where similar interactions with
intracellular proteins (receptors) and the nucleus pro-
voke de novo messenger RNA biosynthesis and sub-
sequent protein biosynthesis. However, fundamental
differences between the mechanisms by which mam-
malian steroid hormones exert their actions and the
oxysterol inhibition of de novo sterol biosynthesis have
been noted.** These matters remain highly speculative
but offer stimulating opportunities for further exami-
nation of the mechanisms by which oxysterols affect
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cellular processes and for understanding the physio-
logical significance of the presence of endogenous ox-
ysterols in vivo.

The oxysterol regulatory hypothesis poses that the
selected putative regulatory oxysterols 3B,25-diol 7
and 24,25-epoxide /3 be formed within the target cell,
thus as a local hormone, but the hypothesis may also
include plasma oxysterols as possible agents, thus as
true hormones. As plasma levels of oxysterols exceed
those suggested as regulatory, if plasma oxysterols be
implicated, necessarily an effective, selective means
of limiting entry of such oxysterols into the cell or of
diverting oxysterols from influencing cellular pro-
cesses must also exist.

The oxysterols implicated thus may have divers
origins, including dietary origins in which plasma
transport be involved but also metabolic origins via
endogenous de novo sterol biosynthesis**** and by
actions of cytochrome P450 mixed function oxidases
catalyzing sterol hydroxylation and oxidative scission
of the 4- and l4-methyl groups of Cjy,-ster-
ols.?30:331.398.426-429 A5 implicated is an alternative de
novo sterol biosynthesis pathway in which (38,228)-
squalene 2,3:22,23-bisepoxide derived from (35)-
squalene 2,3-epoxide¥-1.389.39743% cyclizes to the
lanosterol epoxide 24,25-epoxy-5a-(245)-lanost-8-
en-3p-ol, from which the desmosterol epoxide /3 is

formed.’*¥43" These processes thus implicate the
38.25-diol 7 and the 24,25-epoxide /342-43¢ (detected
in human liver’®4?") and the 32-aldehydes 3B-hydroxy-
Sa-lanost-8-en-32-al*%437438 and 3B-hydroxy-S5a-lan-
osta-8,24-dien-32-al*”' (lanosterol metabolies and cho-
lesterol precursors) as regulatory oxysterols.

The 38,25-diol 7 has attracted much attention as an
exogenous oxysterol HMGCoA reductase inhibitor but
also as a putative endogenous oxysterol regulator of
de novo steroi biosynthesis. The ready commercial
availability and high potency of the 3B,25-diol 7 ap-
pears to motivate much of the work directed at these
aspects, but physical properties of the 38,25-diol 7 in
water may be important. The 38,25-diol 7 is more
water soluble than cholesterol, and perhaps more sig-
nificantly is unassociated in water (critical micellar
concentration 0.62-3.10 uM), thus in distinction to
cholesterol where micellar associations occur (critical
micellar concentration 13.0-64.8 uM).** These prop-
erties suggest that the 3B,25-diol 7 may be more ac-
cessible to interactions with proteins and membranes
than is cholesterol. However, the physical form in
which exogenous oxysterol be presented as exogenous
agents to cultured cells may be quite varied, with un-
known specific fates.

Similar measurements on other endogenous oxy-
sterols have not been reported, but one may project
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that the same properties exist. Moreover, other endog-
enous oxysterols such as the 3B.26-diol // long rec-
ognized as implicated in human atherosclerosis. being
less available, have not been so fully studied. None-
theless. in cultured Chinese hamster ovary CHO-K1
cells the 3B,26-diol // exceeded the inhibitory potency
of the 33,25-diol 7, inhibiting 36% versus 20% at
0.25 uM >738.3% An ad hoc argument that the 383,26
diol // cannot account for the inhibitory actions of
plasma LDL in vitro has been made, despite high levels
of the 383,26-diol // in human plasma and its high
inhibitory potency.**® The argument ignores the pos-
sible contribution of plasma oxysterols absorbed by
mechanisms other than the LDL receptor-mediated
uptake.

A bioassay-directed search of plasma and cultured
cells for inhibitory oxysterols discovered the 383,25-
diol 7 and 24,25-epoxide /3 as the active oxysterols
in cultured cells.’’"¥'40 This close association of
38.25-diol 7 with 24,25-epoxide /3 has led to the ad-
ditional speculation that the 3B,25-diol 7 be a metab-
olite of 24,25-epoxide./3 However, this transforma-
tion has not been demonstrated, and liver metabolism
of isomeric 24,25-epoxides 24,25-epoxy-Sa-(24R)-
lanost-8-en-3B-ol and 24,25-epoxy-(24R)-cholest-5-
en-3B-ol yields the corresponding 3B,24-diols
Sa-(24R)-lanost-8-ene-3B,24-diol and (24R)-cholest-
5-ene-3B,24-diol. %! Moreover, the 38,25-diol 7
has an established origin in the enzymic 25-hydroxy-
fation of cholesterol and is also a cholesterol autoxi-
dation product present in cholesterol-rich processed
foods. The 24,25-epoxide /3 as an end-product of the
alternative de novo sterol biosynthesis pathway from
(35,225)-squalene 2,3;22,23-bisepoxide is also an
autoxidation product of desmosterol.*?

A key feature of the regulatory hypothesis is that
cytosol proteins bind the regulatory oxysterol (but not
cholesterol) with high affinity for ultimate biological
action or disposal. Proteins binding oxysterols occur
in sheep endocrine tissues (binding the 3B,25-diol 7,
3B.20-diol /0, (20R,22S)-cholest-5-ene-3B.22-diol,
and (20R,22R)-cholest-5-ene-38,22-diol)**** and rat
liver (binding the 38,7-diols 2 and 3 and 7-ketone 4),**
but these proteins also bind cholesterol more effec-
tively.

However, cytosol proteins have been discovered in
mouse liver and spleen, in rat liver, and in several
established cultured cell lines that exhibit high affin-
ities for oxysterols that are correlated with the potency
of the oxysterol in suppressing de novo sterol biosyn-
thesis and HMGCoA reductase activity in vi-
tro.71372.3%6.46-449 Gimilar oxysterol binding proteins
occur in human lymphocytes and rat embryo fibro-

blasts: however, in these instances the protein recog-
nizes oxysterols that are active in suppressing de novo
DNA biosynthesis. Oxysterols such as the 7-ketone 4
and (23R)-cholest-5-ene-3B8.23-diol that suppress
HMGCoA reductase activity but not de novo DNA
biosynthesis are but poor competitors for the oxysterol
binding protein in comparison with the 3B.25-diol
7‘l37‘l53A378

These oxysterol binding proteins are different from
the recognized intracellular sterol binding proteins and
receptor proteins for C-, Cp-. and C,-steroid
hormones®”®*’ and exhibit high affinity for the active
oxysterols but not for cholesterol. The binding is sat-
urable, reversible, and subject to competition among
the active oxysterols. The native protein from mouse
fibroblast L cells appears to be at least a trimeric spe-
cies (sedimentation coefficient variously 7.5-8S, M,
236,000) which binds oxysterol and looses a subunit,
yielding a oxysterol-dimeric protein complex (7.5S,
M, 169,000) that may be further dissociated irrevers-
ibly to a 4.28S subunit of M, 97 ,000,402.450-454

Nonspecific oxysterol binding occurred in some of
these cases, and oxysterols may be bound to other
cytosol proteins. For example, the 7-ketone 4 binds to
an antiestrogen binding protein of chicken liver.** The
significance of such intracellular protein binding re-
mains uncertain, but the more specific binding in cul-
tured cells has led to the viewpoint that the binding
proteins are oxysterol receptors implicated in endog-
enous regulation of de novo sterol biosynthesis by ox-
ysterols.*32*%4 Intracellular levels of sterol carrier
protein implicated in cholesterol biosynthesis and me-
tabolism also appear to be increased in cultured human
fibroblasts by the 38,25-diol 7.%%

On another note, reversible phosphorylation accords
rapid modulation of HMGCoA reductase activity, the
phosphorylated enzyme being deactivated. As many as
three different phosphorylation systems are implicated:
a bicyclic cascade involving reductase kinase and re-
ductase kinase kinase, protein kinase C, and a Ca’*/
calmodulin-dependent reductase kinase.’!3-317.332.437.438
Oxysterols are implicated in the regulatory actions of
the phosphorylation cascade, in the inhibition of cal-
modulin, and in effects on membranes affecting cel-
lular Ca?* influx and efflux (previously treated in the
Membrane Effects section of this review). Each of
these events accords rapid modulation of HMGCoA
reductase activity.

The deactivation of HMGCoA reductase by phos-
phorylation appears to be correlated with activation by
phosphorylation of enzymes important to cholesterol
metabolism, thus of ACAT and cholesterol 7a-hy-
droxylase.**® Phosphorylation and dephosphorylation
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of the three enzymes appears to provide a basis for
rapid adjustments in maintenance of cholesterol ho-
meostasis.

However, it be nuclear events putatively regulated
by oxysterol that have captured so much attention, and
much evidence implicates the cell nucleus in oxysterol
inhibition of HMGCoA reductase activity. The oxy-
sterol actions occur only in intact cells and not in
enucleated cells.*® Oxysterol-resistant mutant cul-
tured cells have been isolated, it being evident that oxy-
sterol resistance be a dominant selectable genetic
trait, 33337 338.382.481-46% Inrracel]ular proteins are impli-
cated in oxysterol modulation of de novo sterol bio-
synthesis,*** and de novo protein biosynthesis is
involved in the regulation of cellular HMGCoA re-
ductase activity by oxysterols, both for enzyme syn-
theSiS and degradation_165.337-]“.J77.353-385.466—470

Oxysterols are not bound by nuclear chromatin nor
do they interfere with the binding of cholesterol,*’! but
it is postulated that the oxysterol-binding protein com-
plex be the reactive species binding in the nucleus. At
the nucleus oxysterols appear to diminish the amount
of messenger RNA for HMGCoA reductase, thus to
act by transcriptional control.””’-#%-472473 Nonetheless,
translational control may also occur in some cir-
cumslances.”"'m'“““

Cholesterol homeostasis appears to be influenced
by several coordinated actions of oxysterols, including
suppressed HMGCoA reductase and LDL receptor ac-
tivities and concommitant increased degradation of
HMGCoA reductase accompanied by inhibition of
HMGCoA synthase activity ’38-341.377.382.383.40 [ that
the intracellular effects of LDL, cholesterol, and ox-
ysterols appear to be common ones in these several
systems, common controlling factors have been
posed.’*33 However, the broad oxysterol structure-
activity relationships, implications of membrane phe-
nomena, protein phosphorylation, and Ca?* metabo-
lism as well as of nuclear events and matters dealing
with dietary and plasma oxysterols in vivo leaves the
topic open for further exploration.

There now appear to be at least four different mech-
anisms by which HMGCoA reductase activity be mod-
ulated in vitro: 1) by membrane phenomena, including
possibly altered membrane fluidity but also including
altered Ca’* fluxes affecting enzymic phosphorylation,
2) reductase phosphorylation by Ca?*/calmodulin-de-
pendent and reductase kinase actions influenced by
events stimulated by oxysterol; 3) de novo biosynthesis
involving nuclear events (protein biosynthesis); and
4) reductase degradation, also involving protein bio-
synthesis.

The relative contributions of these factors in vivo

are totally unknown, but it appears that oxysterols,
whether of dietary or endogenous sources, may be
implicated.

Acyl-coenzyme A: Cholesterol O-acvitransferase
(EC 2.3.1.26)

Intracellular microsomal acyl-Coenzyme A: choles-
terol O-acyltransferase (ACAT) affecting cholesterol
esterification is coordinately regulated with HMGCoA
reductase. the two enzymes having diurnal rhythms
effectively twelve hours out of phase with one an-
other.*™ Together the two enzymes control de novo
sterol biosynthesis and sterol metabolism. and oxy-
sterols affect both processes, although by different
mechanisms.

Oxysterol effects on ACAT are summarized in Table
11. The stimulatory actions occur in cultured cells and
in isolated microsomes and appear to result from an
increase in sterol substrate availability rather than by
a direct action on the enzyme.’%?:486-491.4934% Nopethe-
less, the effect has been suggested to be one of in-
creasing ACAT activity.**® However, oxysterols do not
affect changes in ACAT properties K, and V,,,,.*”* The
increased substrate availability may be from an in-
creased uptake of exogenous cholesterol into cultured
cells.*”

In cultured hepatocytes as the amount of cholesterol
ester increases under oxysterol stimulation, the amount
of cholesterol ester in VLDL secreted also is in-
creased.*®

However, ACAT activity is sensitive to the imme-
diate lipid environment within the endoplasmic retic-
ulum, both stimulatory and inhibitory effects occurring
depending on membrane lipid composition. Increased
lipid peroxidation of the microsomes does not appear
to be a significant factor.** Improving substrate avail-
ability by use of aqueous cholesterol dispersions in
detergent increases ACAT activity,*’ and decreasing
substrate availability by prior transformation of micro-
somal cholesterol to the 3-ketone 9 by cholesterol ox-
idase diminishes ACAT activity.**® However, it is
uncertain whether oxysterols formed in the aqueous
dispersions by cholesterol autoxidation or effects of
the 3-ketone 9 formed by cholesterol oxidase influ-
enced results.

The in vitro oxysterol stimulation of ACAT in rat
liver microsomes does not occur in microsomes from
bovine adrenal cortex**>® nor from murine macro-
phage-like cells,” it being reasoned that ACAT in
these cases be already saturated with sterol substrate
so that oxysterol stimulation not occur. The specific
oxysterol 38,25-diol 7 does not have an effect on in-
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Table 11. Oxysterol Effects on Acyl Coenzyme A: Cholesterol O-Acyltransferase (EC 2.3.1.26)

Effect on Sterol

Oxysterol Bioassay System Esterification Reference
1B-Hydroxycholest-en-7-one 4 Human FH fibroblasts GM 1915 Stimulation by 12.5 uM 175
Cultured rat hepatocytes Stimulation by (0 ug/ 388
mL
(225)-Cholest-5-ene-38,22-diol Human skin fibroblasts. monkey [nhibition 299, 361, 369
artery smooth muscle cells
Cholest-5-ene-33.25-diot 7 Human monocyte-derived Stimulation by 10 ug/ 476
macrophages mL
Preconfluent human keratinocytes Stimulation (4.8-fold) by 119
2.5 uM
Human CaCo-2 enterocytes Stimulation 477
Bovine vascular endothelium Stimulation (3- to 4-fold) 191
by 2 ug/mL
Rabbit jejunum explants Stimulation 478
Rabbit enterocytes Stimulation (5-fold) 479-481
Rabbit intestinal microsomes Stimulation by 8-10 ug/ 480, 481
mL
Chinese hamster ovary cells Stimnulation 482
Cultured rat hepatocytes Stimulation (3- to 6-fold) 388, 483
by 10 ug/mL
Rat intestina] epithelium IEC-6 cells Stimulation by 2 uM 370
Intestinal explants Stimulation 478
Rat hepatic microsomes in vitro Stimulation by 26-100 484-486
uM
Murine macrophage-like cells Stimulation 393, 487
BALB/c Mouse fibroblasts Stimulation by § ug/mL 488
Mouse P388D, macrophage-like ceils Stimulation 393
Mouse peritoneal macrophages Stimulation by 2-20 ug/ 156
mL
25-Fluoro-(22S)-cholest-S-ene-38,22- Human skin fibroblasts, monkey Inhibition 299, 361
diol artery smooth muscle cells
Pregn-5-en-38-ol Rat liver microsomes Inhibition 489
Androst-5-en-38-ol Rat liver microsomes [nhibition 490
3@-Hydroxy- | 78-isohexyloxyandrost- Microsomes in vitro Inhibition 484
5-en-7-one (SC31769)
Sa-Lanost-8-ene-38, 1 5a-diol Rat liver S,; homogenate Stimulation 491
Sa-Lanost-8-ene-38.158-diol Rat liver S,, homogenate Stimulation by 54 uM 491
Sa-Lanost-8-ene-38,25-diol Rat intestinal epithelium IEC-6 cells Stimulation by 2 uM 370
24 .25-Epoxy-5a-(24R)-1anost-8-en- Rat intestinal epithelium IEC-6 cells Stimulation by 2 M 370
3B-ol
24,25-Epoxy-Sa-(248)-lanost-8-en- Rat intestinal epithelium 1EC-6 cells Stimulation by 2 uM 370

3B-ol

testinal mucosal cell cytosolic cholesterol esterase that
also esterifies cholesterol intracellularly.*
Moreover, some oxysterols inhibit ACAT activity.
Progesterone inhibits the enzyme, apparently by bind-
ing to the enzyme at a site remote from the active
site, 83486492 (22 8)-.Cholest-5-ene-3B,22-diol and other
synthetic oxysterols also inhibit ACAT.?%%!4% The
(225)-38,22-diol concommitantly reduced de novo
sterol biosynthesis, inhibited sterol esterification, and
diminished the number of plasma membrane LDL re-
ceptors in cultured cells.?* %! The 15-ketone /2 that
effectively inhibits HMGCoA reductase also inhibits
liver and jejunum microsomal ACAT in vitro and in
ViVO!“"“' ]
Stimulatory 3B,25-diol 7 is itself also esteri-
fied,**¢-4*5 but there is some question whether the en-
zyme implicated be ACAT.**¥4%-%0! A similar case

obtains for Sa-lanost-8-ene-3B,158-diol which is es-
terified at both hydroxyl groups by liver enzymes and
which stimulates sterol esterification.*' The [5-ketone
12 is itself esterified in vitro™*!” and in vivo in a
baboon fed the oxysterol.*'s

These results have not lead to a unified viewpoint
on how oxysterols affect ACAT.

Other enzymes of sterol metabolism

Although the effects of oxysterols on HMGCoA re-
ductase and ACAT have received the bulk of study on
such matters, other specific enzymes implicated in
sterol metabolism and in other cellular functions also
are influenced by oxysterols. Among enzymes of sterol
metabolism are 3B-hydroxysteroid dehydrogenase,
cholesterol 5,6-epoxide hydrolase, cholesterol 7a-hy-
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droxylase, the cholesterol side-chain cleavage system,
and methylsterol oxidases. Other enzymes affected are
placental C,-steroid aromatase, 5’-nucleotidase, and
Na*/K* ATPase systems already discussed.

3B-hydroxysteroid dehydrogenase (EC 1.1.1.145).
The enzyme is inhibited 51% in adrenal microsomes
from male rats fed the 3-ketone 9.2 However, neither
cholesterol nor the 33,20-diol /0 are good substrates
for the adrenal cortex enzyme,*® so this in vivo in-
hibition is difficult to interpret.

Cholesterol 5.6-epoxide hydrolase (EC 3.3.2.3). A
microsomal cholesterol 5,6-epoxide hydrolase differ-
ent from other epoxide hydrolases present in lung and
liver is implicated in transforming either isomeric 5,6-
epoxide 5 or 8 with equal facility to the 38,5a,6p-triol
6.3%-3% Both 5,6-epoxides and triol are toxic agents in
many bioassays, and the hydrolase creating triol from
either epoxide is subject to inhibitions by oxysterols.

Rat liver epoxide hydrolase is sensitive to product
3B.5a,6B-triol 6 inhibition and is inhibited by the 7-
ketone 4, 3B3-hydroxy-5a-cholestan-6-one, and 38-hy-
droxy-5a-cholestan-7-one. Either 5,6-epoxide 5 or 8
also inhibits the hydrolysis of the other,¢7-2¢4.243.505.50¢
Besides inhibition by the 38,5a,6B-triol 6 the isomeric
triols Sa-cholestane-38,5,6a-triol, S5B-cholestane-
3B,5,6a-triol, and 5B-cholestane-3B,5,6B-triol also
inhibit the hydrolase.5*®

The synthetic oxysterols 5,6a-epoxy-Sa-cholest-7-
en-3B-ol and 5,6B-epoxy-5B-cholest-7-en-3-ol are
potent inhibitors of cholesterol §5,6-epoxide hydrolase,
apparently acting by covalently binding with the en-
zyme.®® The IDy 0.048 uM for the 5B,68-epoxide
isomer is lower than that of 5,6a-imino-5a-cholestan-
3B-ol (0.085 uM),*® the best inhibitor heretofore.’”’

Cholesterol 7a-hydroxylase (EC 1.14.13.17). Micro-
somal cholesterol 7a-hydroxylase recognized as a reg-
ulated initial step in hepatic cholic acid biosynthesis
is subject to oxysterols inhibition in vitro. The enzyme
appears 1o be the cytochrome P450y, induced in rabbit
liver by cholestyramine.’!' Among the oxysterol in-
hibitors are the enzyme product 38,7a-diol 2, the epi-
meric 3B,7B-diol 3, 7-ketone 4, and 3B-hydroxychol-
S-enic acid, all formed in vitro and potentially in vivo,
these inhibiting the enzyme competitively.’-3
Product inhibition by 3B,7a-diol 2 during bioassay
may not be a limitation,”® and as elevated levels of
3B, 7a-diol 2 in vivo appear to parallel levels of 7a-
hydroxylase activity,? the inhibition may not be sig-
nificant in vivo. However, 38,7B-diol 3 also formed
via lipid peroxidation of cholesterol in vivo is a more

effective (competitive) inhibitor (K, 2.4 uM compared
to K, 140 uM for substrate cholesterol).’®
Oxysterols may also inhibit later steps in the bio-
synthesis of bile acids: for example, the 12a-hydrox-
ylation of 7a-hydroxycholest-4-en-3-one or Sa-
cholestane-3B,7a-diol implicated in cholic acid bio-
synthesis is also catalyzed by a microsomal cytochrome
P450 enzyme subject to oxysterol competitive inhibi-
tions in vitro.*'° Effective oxysterol inhibitors included
Sa-cholestane-33,7a-diol, Sa-cholestane-38,7a,25-
triol, 7a-hydroxycholest-4-en-3-one, and 7a,25-dihy-
droxycholest-4-en-3-one, only 7a-hydroxycholest-4-
en-3-one being formally a cholesterol autoxidation
product. However, the 7-ketone 4 and 3B.25-diol 7
inhibit later steps in cholic and chenodeoxycholic acids
biosynthesis by isolated rat hepatocytes.*!

Cholesterol side-chain cleavage system (EC
1.14.15.6). Scission of the isohexyl moiety of the
sterol side-chain by endocrine tissues yields 3B-hy-
droxypregn-5-en-20-ene (pregnenolone) required by
steroid hormone biosyntheses. Pregnenolone may then
be transformed to corticosteroids, progesterone, an-
drogens, etc. depending on tissue. The scission process
involves initial substrate binding to mitochondrial cy-
tochrome P450,. with subsequent 22f3,-hydroxylation
followed by 20a,-hydroxylation to (20R . 22R)-cholest-
5-ene-3(3,20,22-triol and carbon-carbon bond cleavage
yielding pregnenclone.

Binding of sterol substrate to the enzyme (evinced
by characteristic changes in absorption spectra) is cru-
cial to the process. Oxysterols cholest-5-ene-3B,4B-
diol, 3B,7a-diol 2, 3B,78-diol 3, 3B,20-diol 10,
(22R)-cholest-5-ene-3B,22-diol, and 38,25-diol 7 all
bind to adrenal cytochrome P450,.., and all appear to
be substrates for metabolism.?”*2-5!7 The oxysterol
3B-hydroxycholest-5-en-22-one also binds to cyto-
chrome P450,.. but cannot be a substrate, thus is a
competitive inhibitor of the enzyme.*'®

The 38,25-diol 7 is a good substrate for side-chain
cleavage®'%*? and in its study there arises an apparent
paradox. The 3,25-diol 7 inhibits pregnenolone for-
mation from exogenous (labeled) cholesterol in rat ad-
renal mitochondria in vitro®'” but stimulates production
from endogenous precursors in human fetal adrenal
mitochondria.’'® In the first instance the 38,25-diol 7
appears to be in competition with labeled substrate,
thereby decreasing labeled product formed, whereas in
the second case the 38,25-diol 7 served as substrate
together with endogenous sterol to increase pregnen-
olone levels formed. The issue is thus merely a matter
of different assays employed. A similar case obtains
for the 3pB,20-diol /0 with adrenal cortex, corpus lu-
teum, and placenta P450,.. where labeled cholesterol
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substrate must compete with 3B.20-diol [0 also a
substrate.$20-%%

Other oxidative side-chain cleavages are influenced
by oxysterols. The diminution of adrenocorticotropin-
stimulated corticosterone levels in cultured rat adrenal
cells by (22S)-cholest-5-ene-383,22-diol, 3B3-hydroxy-
cholest-5-en-22-one, and (20S)-cholest-5-ene-
3B,17a.20-triol may also occur by oxysterol inhibition
of the side-chain cleavage system, probably at the in-
itial sterol-enzyme binding interaction.’***?* By con-
trast, the luteinizing hormone-stimulated increase in
testosterone production in cultured murine testis Ley-
dig cells is further increased by (22R)-cholest-5-ene-
38,22-diol,** and some rat Leydig cell cultures are
also stimulated by the 3B,25-diol 7.5%¢3%7 Similar cases
exist in the gonadotropin-stimulated biosynthesis of
progesterone in cultured rat ovary luteal cells”'#? and
in the biosynthesis of 20-hydroxy-(20S)-pregn-4-en-3-
one in cultured rat ovary granulosa cells where exog-
enous 3B,25-diol 7 stimulates an increase in prod-
ucts.*¥

[t is uncertain whether the observed oxysterol stim-
ufations of C,,-steroid biosynthesis result from mere
increased substrate levels represented by the exogenous
oxysterol or from an increase in enzyme activity.

The recent demonstration of cytochrome P450,.. in
rat brain now provides a basis for the accumulation of
pregnenolone therein.**'**? This discovery taken with
our past demonstration of (245)-cholest-5-ene-383,24-
diol accumulation in developing rat brain*’ and inhi-
bition of cytochrome P450,..' now offers speculatively
another potential reason for the presence of (24S)-cho-
lest-5-ene-3B,24-diol in brain, namely modulation of
cytochrome P450,.. as well as HMGCoA reductase,
etc.

Methylsterol oxidases. Although the de novo biosyn-
thesis of cholesterol is controlled by HMGCoA reduc-
tase in turn inhibited by oxysterols, inhibition at later
stages in the biosynthesis process by oxysterols is also
indicated, particularly at those steps involved in the
transformation of lanosterol to cholesterol. For in-
stance, methylsterols accumulate as products in guinea
pig lymphocytes cultures treated with the 38,78-diol
3 or 38,25-diol 7.3%

Oxysterols appear to limit the in vitro enzymic con-
version of lanosterol or Sa-lanost-8-en-3B-ol (dihy-
drolanosterol) to cholesterol by inhibition of the mixed
function oxidase removal of one or more of the 4- and
14a-methyl features. The inhibition of a liver micro-
somal 4-methylsterol oxidase by 50 uM 3B,5¢,6B-
triol 6 or 3B,25-diol 7 has been reported.’® Also, the
specific inhibition of the 4-methylsterol oxidase
by synthetic analogs 4-allenyl-Sa-cholestan-3@-ol

(K, 54 uM). 4a-cyanoethynyl-Sa-cholestan-33-ol (K,
45 uM). and 4a-oxiranyl-Sa-cholestan-3B-of (K, 107
uM) is described.*¥

Furthermore, the 14a-methylsterol oxidase system
is inhibited by lanostane derivatives modified at the
l4a-methyl feature. including 32-methylene-5a-lan-
ost-7-en-3B-ol, 14-ethynyi-4,4-dimethyl-Sa-cholest-
7-en-38-ol, 32,32-difluoro-5a-lanost-7-en-3B-o0l, 32-
difluoromethyl-Sa-lanost-7-en-33-0l, 32-ethynyl-Sa-
lanost-7-en-3B-ol, 32-ethynyl-5a-lanost-7-ene-3B,32-
diol, and Sa-lanost-7-ene-38,32-diol.*

As with oxysterols synthesis programs seeking ef-
fective chemotherapeutic agents against tumors and for
lowering plasma cholesterol via inhibition of de novo
sterol biosynthesis, so also synthesis programs for ox-
ysterols inhibiting the transformation of C,4-sterols to
cholesterol have been devised.’¢-*3 In these matters,
the oxidative removal of the 14-methyl group is sus-
pected as the step inhibited. The data of Table 12 es-
tablish that the oxidation of C,,-sterols to cholesterol
is indeed subject to inhibitions by oxysterols.

It may be seen that several | Sa-hydroxysterols and
3B-hydroxy-5a-lanost-8-en-7-one are very effective
inhibitors of lanosterol metabolism to cholesterol,
while other oxysterols are inactive. 3p-Hydroxy-5a-
lanost-8-en-7-one is also effective in lowering plasma
cholesterol in vivo when fed rats at a level of 0.1% in
the diet.® ‘

CONCLUSIONS

The items reviewed here evince the capacity of ox-
idized sterols to affect important metabolic processes
and provide a basis for recognition of the potential
significance of the presence of oxysterols in living sys-
tems. However, a definitive or even satisfying view-
point integrating these many oxysterols effects with
human health interests has yet to emerge from these
accounts. As the oxidation of cholesterol in biological
and chemical systems depends on the properties of the
system studied, witness the presence of some choles-
terol autoxidation products but not others in tissues and
foods, so also the question of biological activities and
more imponantly their physiological relevance, is de-
pendent upon the quality of the bioassays and inves-
tigations conducted. Because of inherent limitations of
study with human subjects and of in vivo work in gen-
eral, much investigation has been with in vitro systems
for which the suspicion persists that results be unrep-
resentative of in vivo situations. Many exampies of
the sort are reviewed here.

Nonetheless, the accumulated in vitro bioassay data
and in vivo results support the thesis that oxysterols
be toxic agents affecting membrane function and sta-
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Table 12. Oxysterol Inhibitions of Cholesterol Biosynthesis from
Lanosterol or Sa-Lanost-8-en-3B-ol*

Oxysterol Inhibition. %  Reference
23.24-Bisnorchol-5-en-38-o 6 539
Chol-5-en-383-0l 3 539
23-Methyichol-S-en-383-0l 5 539
24-Methyl-26.27-bisnorcholest-5-en- 7 539
3B-ol

27-Norcholest-5-en-33-ol 6 539

26-Methyl-27-norcholest-5-en-3B-ol 2 539

Cholesterol 2 540

(22R)-Cholest-5-ene-38.22-diol 32 541

(22S)-Cholest-5-ene-3p.22-diol 26 541

Cholest-5-en-3B.25-diol (7) 46 540

38-Hydroxycholest-5-en-7-one (4) 25 541

3B-Hydroxy-5a-cholest-8(14)-en-15- 42-64 158, 541,
one 542

3B-Hydroxy-14a-methyl-5a-cholest- 48 542
T-en-15-one

3B-Hydroxycholest-5-en-24-one 41 541

14a-Methyl-Sa-cholest-7-ene- 96 542
3B.15a-diol

|4a-Ethyl-3B-hydroxy-Sa-cholest-7- 72 542
en-15-one

l14a-Ethyl-Sa~holest-5-ene-3B .15a- 93 542
diol

l4a-Ethyl-Sa~cholest-7-ene-3B.158- 68 542
diol

24,25-Epoxy-{24R)-cholest-5-en-38-ol 3 541

24,25-Epoxy-(24S)-cholest-5-en-38-ol 54 541
(13)

Sa-27-Nortanost-8-en-38-ol 81 540

Sa-(24E)-27-Norlanosta-8.24-dien- 78 540
3B-ol

5a-26,27-Bisnorlanost-8-en-3B-ol 67 540

5a-26.27-Bisnorlanosta-8,24-dien- 53 540
38-ol

5a-25,26,27-Trisnorlanost-8-en-38-o0l 60 540

5a-24,25,24,27-Tetrakisnorlanost-8- 51 540
en-38-ol .

Sa-23-Norlanosta-8,24-dien-38-ol 52 540

15&-Fluoro-Sa-lanost-7-en-3p-ol 61 542

5a-Lanost-7-en-3B-o0l 18 542

Sa-Lanost-8-en-38-ol 17 537

Sa-27-Norlanost-8-en-3B-ol 77 537

Sa-Lanost-8-ene-38.7a-diol 47 543

Sa-Lanosta-8,24-dien-3a-ol 34 543

Sa-Lanosta-8,24-dien-38-o0l 23 543

Sa-Lanost-7-ene-38,15a-diol 9% 542

Sa-Lanost-7-ene-38,158-diol 51 542

5a-(24R)-Lanost-8-ene-38,24-diol 46 543

5a-(24S)-Lanost-8-ene-38 ,24-diol 43 543

Sa-Lanost-8-ene-38,25-diol 64-66 540, 543

Sa-{22R)-Lanosta-8,24-diene-38,22- 17 543
diol

Sa-(225)-Lanosta-8,24-diene-38,22- 21 543
diol

5a-Lanosta-8,24-diene-38,26-diol 75 543

3B-Hydroxy-5a-lanosta-8,24-dien-26- 0 $43
al

3B-Hydroxy-5a-lanost-8-en-7-one 98 543

38-Hydroxy-Sa-lanost-7-en-15-one 87 542

38-Hydroxy-5a-lanost-8-en-24-one 43 543

Sa-Lanosta-8,24-dien-3-one 16 543

24,25-Epoxy-5a-(24R)-lanost-8-en- 55 543
ig-ol

24.25-Epoxy-Sa-(24S)-lanost-8-en- 61 543
38-ol

26-Methyl-5a-27-norlanost-8-en-38-ol 19 537

26-Ethyl-5a-27-norlanost-8-en- 3B -ol 9 537

Table {2. (Continued)

Oxysteroi Inhibition, &  Reference
26.26-Dimethyl-5a-27-norlanost-8-en- 28 537
3B-ol
26-Propyl-Sa-27-norlanost-8-en-38-ol 8 537
26-2'-Propyl-5a-27-norlanost-8-en- 8 537
3B-ol
26-Butyl-5a-27-norlanost-8-en-3B-ol 12 537
26-Pentyl-Sa-27-norlanost-8-en-33-ol 0 537
26-Hexyl-5a-27-norlanost-8-en-33-ol 0 5317

*Tested at 40 uM concentrauons in rat liver microsomal S-10 enzyme fraction
incubations of lanosterol or 5a-lanost-8-en-3B-ol as substrate.

bility and altering the activity of specific intracellular
enzymes. with attendant influences of cell viability,
growth, and proliferation. Whether endogenous or di-
etary oxysterols exert such toxicities in human sub-
jects, causing or exacerbating human health disorders,
rematns unknown.

However, the toxic properties of select oxysterols
are being used as promising guide to creation of po-
tential antitumor agents, and the presence of oxysterols
in blood may be regarded as a heretofore unrecognized
protection against microbial infection or malignant tu-
mor cell invasion and against the erythrocyte instability
of hereditary spherocytosis. On the other hand a grow-
ing corpus of experimental work supports the view-
point that endogenously derived oxysterols be
intracellular regulatory agents of de novo sterol bio-
synthesis. If so, a whole new aspect of oxysterol bio-
chemistry may be revealed, one that might be
manipulated to advantage in control of cholesterol me-
tabolism in vivo.

Thus, there are two different hypotheses implicated
in these divers results. The more established hypothesis
states that dietary and/or endogenously derived ox-
ysterols be cytotoxic and pose threat to human healith
via chronic exposure to low levels of oxysterols that
exert their toxic effects by identified mechanisms
(suppression of de novo sterol biosynthesis and by
membrane effects) or by other means yet to be rec-
ognized. The newer hypothesis states that endogenous
oxysterols derived from (3S,228)-squalene 2,3;22,23-
bisepoxide, lanosterol, desmosterol, or cholesterol
serve as regulators of de novo sterol biosynthesis via
their inhibition of the rate-limiting enzyme HMGCoA
reductase, regulation of sterol biosynthesis then pre-
sumably being implicated in the established toxic
manifestations.

A current distinction offered between these hy-
potheses is that of the apparent concentration necessary
for effect. The suppression of de novo sterol biosyn-
thesis in cultured mammalian cells by endogenous ox-
ysterols occurs at levels considerably below those



)

)

318 L. L. SmimH and B. H. JoHNSON

exerting toxic effects in vitro. This distinction evinces
faith that results with cultured cells have quantitative
physiological significance but ignores the complexity
of unsuspected in vivo effects in living systems. The
guestion whether low levels of oxysterols present in
vivo at levels lower than those demonstrated toxic in
vitro but higher than those suggested as regulatory in
vitro exert regulatory or chronic toxic effects in vivo
needs address, lest physiological relevance be lost to
disputation.

The significance, if any. of micromolar levels of
several oxysterols in human plasma demands attention.
These high levels of oxysterols may enter cells by up-
take and internalization of lipoproteins containing ox-
ysterols and by incorporation of plasma oxysterols into
the cell plasma membrane from where oxysterol de-
livery within the cell may occur for sequestration by
cytosolic oxysterol binding protein for subsequent reg-
ulation, metabolism, excretion, accumulation, or other
process. As oxysterol in vivo metabolism, blood trans-
port, fecal excretion, and tissue accumulation are es-
tablished matters, there remain the questions whether
oxysterols be regulatory in vivo and whether toxic ox-
ysterols pose chronic burden to human health.

No adequate work has been reported dealing with
chronic exposure to low levels of oxysterols in vivo.
No conclusive study of blood oxysterols levels de-
signed to test such levels as an independent risk factor
in atherosclerosis or other health disorder has been
posed. Accordingly, these matters must await future
studies for elucidation if not resolution.

NOTE ADDED IN PROOF

A book dealing with biological activities of oxy-
sterols has been published:
Beck, J. P.; Crastes de Paulet, A., eds. Activité biol-
ogiques des oxystérols. Paris: INSERM (Institut de la
Santé et de la Recherche Médicale); 1987:319 pp.
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& Comparison of Hypocholesterolemic Activity of
-Sitosterol and 3-Sitostanol in Rats'

MICHIHIRO SUCANO.;: HIDEKAZU MORIOKA
axo [KUO [KEDA

Laboratory of Nutrition Chemustry, Kyushu Unicersity
School of Agriculture, Fukuoka 812, Japan

ABSTRACT The hypocholesterolemic activity of 3-sitosterol and its hv-
drogenated product, g-sitostanol (dihvdrositosterol or stigmastanol) has
been compared 1n young male rats. When cholesterol was included i the
diet. sitostanol consistently exhibited significantly greater hypocholesterol-
emic activity than sitostervl. There were no apparent differences in the
effects of the sterol and the stanol on the concentration of liver cholesterol
and triglvceride. Increases in plasma tnglyceride due to feeding sitosterol
were not observed with sitostanol. [ncorporation of dietary sitostanol into
plasma, liver and other tissues was always negligible, and thus this stanol
was almost completely recovered in feces, while there was considerable
deposition of sitosterol (mean fecal recoverv Leing 85% to 927 ). The in-
crease in fecal output of dietarv cholesterol was sigmificantly greater with the
stanol than with the sterol. There was no demonstrable negative effect on
growth and weight of major \isceral tissues in rats fed the sterol as well as
the stanol. These observations together wath those reported previously
indicate that hydrogenation ot phytosterols is a novel approach to enhance
their hvpocholesterolemic activities without influencing the relative safety
of the initial sterols. J. Nutr. 107: 2011-2019, 1977.

INDEXING KEY WORDS sitosterol sitostanol
cholesteroi

plasma

The hypocholesterolemic action of phyto-
sterols in experimental animals and man
has bLeen known for many years. 3-Sito-
sterol is a cholesterol-lowering compound
of modest to moderate efficacy, and seems
remarkably free of subjective side-effects
for the patient with hyvpercholesterolemia
(LY. Use of a ph,vtoster‘;? mixture contain-
ing considerable amount of campesterol is
not recommended because of an appreci-
able incorporation of this sterol into plasma,
although there is no evidence that campe.
sterol_is more atherogenic than cholesterol
12). Thus, it appears likely that the pref.
erence of phytosterols for use in the treat-
ment of hypercholesterolemia depends on
their chemncul structures. Since there is
evidence  that  plant  sterols  omwnatine
from the diet mav initiate development of
wuithomatosis and perhaps atheromag 3),

low levels of absorption are desirable. On
the other hand, few data are available indi-
cating postabsorptive effects of phvtosterols
(4). Hydrogenation of phytosterols to the
corresponding phytostanols results in a sig-
nificant reduction in absorption {3) similar
to the observation with cholesterol and
cholestanol (6).

Only limited information is available as
to the accurrence of stanols in plant sterol

fractions (7). Preliminary experiments
showed that commercial unhydrogenated
veeetable  oils  contained  demonstrabic

ammouats. up to 237% of the total sterol
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fraction was stanols. The corresponding
value for 3-sitosterol preparations was 10%
to 15%. Since our previous experiments
demonstrated that in rats, the hypocholes-
terolemic action of phytostanol mixtures
was demonstrably greater than that of phy-
tosterol mixtures (3), a comparison be-
tween QG-sitosterol and g-sitostanol was
made in the present study.

MATERIALS AND METHODS

Materials. 3-Sitosterol * was repeatediy
recrvstallized from ethyl acetate untl over
98% purity as the sterols was achieved as
measured by gas-liquid chromatography
(GLC). The composition of the sterol frac.
tion of this preparation was 937% g-sito-
sterol and 7%, campesterol. Capillary col-
umn CLC revealed the occurrence of
stanols in this preparation (0.5% campe.
stanol and 12.3% sitostanol). l{vdrogena-
tion of g-sitosterol was performed as re-
ported previeusly (5). The purity of the
product was checked hy nuclear magnetic
resonance spectrometry,* by Ag-thin-laver

chromatography (TLC) (8) and by CLC
on a glass capillary column (3). Judging
from éLC and TLC analyses, the hydro-
genated compound stil contained approxi-
matelv 3% of the unhydrogenated sterols,
and the apparent composition of the re-
duction progucts was 93¢ G-sitostanol and
Tt campestanol.

Animals and diets. Male Wistar rats ob-
tained from a commercial breeder® and
weighing 85 to 113 g were used throughout
the experiment. The composition of the
basal diet was (in ¢) (3): vitamin free
casein.* 20: mineral mixture, 4. vitamin
mixture. |; choline chlonde. 0.13: cellulose
powder.” 4 and sucrose to 100. The wvitamin
(water soluble ) and mineral mixtures were
according to Harper (9) * Fats. cholesterol.
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99 1=0.1* 032014 04=0.1* 3322007239 =l.1* 67.0=1.0¢ 9985200 0.1=0.00 0.1=0.0e

' Feeding periods: Exp. | and 2 for 23 dav, exp. J
weights: exp. 1, 112 g; exp. 2, 04 g exn. 4. 35 g, exp
~eights: group |, 130=7 g group 2, |78 =5 g group

for 14 davs and exp. 4 to U for 21 davs. [nitial body

.4, 01 g exp. 5, 112 g and exp. 6, |11 g. Final body

3. 163 =7 g group 4. 225 =13 g group 3, 248=16 g;

group 6, 237 =16 g; group 7, 24T =1Gg: group §, 183 =< g: group 9, 179=4 g: group 10, 86=4 g, group 11,
179 =4 g: group (2, 183=4 g; group |3, 222%=4 2: group 14, 215=3 g; group 13, 2J8=96 g.
16, 18,

group

241 =8 g: group 17, JH4=3 g, group

246 =4 g, group 19, 239=9 g; group 20.

234=9 g; group 21, 232=6 g; group 22. 238 =6 g: group 23, 23229 g, and eroup 24, 237 =4 g. ! Mean
=seM.  ‘Trace. *Cholic aad (0.123%%) ~as added simultaneausiv. ¢ Sigruficantiy different from the
corresponding sitosterol fed group at /2 < V0L, * Sigmfcaatly differeat from the corresponding sitosterul
fed group at P < 0.05. < Sigmfcantlv different (rom the correspunding gruup led cholesterol alone or
choiesteral plus cholic acid at £ < 0.01.  *ignificandy different irum the corresponding group fed
choiesterol alone or cholesterol plus chulic actd at £ < 0.05.

sitosterol and sitostanol were added at the
‘vpense of sucrose. Rounnely, safflower oil
-as used as a dietary fat and to this were
added retinyl palmitate, 400 [U; cholecal-
ciferol. 200 (U and dl-a-tocopherol. 10 mg~’
100 g of diet. The content of sterols in di-
etarv fats as determined by CLC and using
Sa-cholestane as a calibration standard was
as follows (in %% ): safflower nil. 0.1S to
0.22. com oil, 0.52 and lard. 0.01 te 0.04.
The dietaryv regimens are shown n table
1. Sterols were Rnely dispersed in warm
dictary fats prior to mixing them with other
maredients, Rats were miven free aecess to
the diets and water, and hidled after Fastine

overnight (15:00 to 09:00 hours). Body
wetcht and food consumption were re-
corded everv other dav. Feces were col-
lected for 2 days beginning 3 days before
killing the rats. During this time, the diets
contained 0.1% of Cr.O.. Fecal recovery of
sterols was caleulated on the hasis of analy-
sas of sterols and Cr in feces and diets.
Lipid analyses. Rats were fasted over-
mght and killed by decapitation. Analyses
of lipid components of plasma and liver
were performed as desenibed  previousty
{3). The presence of the sterols or stanols,
even at the same concentration as that of
cholesteral, (id not itluence the accuracy
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Fig. | EHect of dietarv 3-sitostcrol and 3-sito-
stanol on the concentration of piasma cholesterol
in rats previously fed the hugh chaolesterol diet
(exp. 7). Rats weighing an average of 115 g were
fed the hypercholesterclemic diet (0.3% choles-
terol plus 0.123% cholic acid) for 14 davs, and
then one of the diets contawing either 0.25% of
sitosterol or sitostanol for 3, 7, and 14 davs. One
group of rats was fed the sterol free diet through-
out. Each point represents mean = sent of 3 rats
per group. Chol: cholesterol. Sito: sitosterol and
HSito: sitostanol.

of cholesterol determination by the Lieber-
mann-Burchard reaction of the digitonide.
GLC"* of the trimethyl siyl ether of the
unsaponifiable fraction was performed on a
3% OV-17 glass column®® (5, 10). For
separation of sterols and stanols, CLC and
Ag-TLC were emploved. a gas chromato-
gr':g:h equipped with 4 Polvimide 100 glass-
WCOT column. 0.23 mm x 30 m'* was
used. The apparatus was operated at 260°
with carrier gas (N;) at 1.0 ml minute:
under this condition separation of sterols
and stanols was complete. Aa--TLC wus
performed using Silica gel C* plate contain-
ing AgNOy (25%. w-w) and developing
twice in chloroform-methanol (99.5:0.2.
v.v) (8).

A portion of lyophilized feces was ex-
tracted with ethanol in Soxhlet apparatus
for 30 hours. The estract was saponified
and the trimethvl «ilvl ether derivative
formed and analvzed by GLC (3. 10). A
known amount of Sa-cholestane ' in ethanal
was added to the feces prior to extracting
sterols with ethanol as an intemnal calibra.
tion standard. Cr in diets and feces was
determined colonmetrically after reducime
them to ashes,

Stutstical analysis. Data were analyzed
v the Student's ¢ test ( 11).

RESULTS

Crowth and tissue weights. There were
no differences 1a the food intake or weigiit
gains betwcen rats fed the sterol or the
stanol n any experiment. Although the
weights of major wiscera, (kudney, heart,
lung, spleen, adrenal and testes) were also
similar for these two groups, liver weight
appeared somewhat lower in the stanol fed
rats when cholesterol was simultaneously
included in the diet. some of the differ-
ences were statistically significant (table 1),

Plasma and liver lipid concentration.
Table 1 summarnzes the concentration of
plasma and liver cholesterol and tnglye-
eride. The data reported as cholesterol
were derived from the Liebermann-
Burchard reaction of the digitonide. Since
phytosterols develop color, but to a con-
siderably weaker degree than cholesterol
does. the correction for this seemed neces-
sarv, in particular in those samples contain-
ing detectable amounts of phytosterols.
The correction did not modify the statisti-
cal sigmficance listed in this table. Essen.
tiallv no color was developed with the
stanol digitonides by this reaction.

When cholesterol was simultaneously
added to the diet. the hypocholesterolemic
activity of the stanol was at all times sig-
nificantlyv greater than that of the sterol.
except for experiment 3 where cholic acid
was also added to the diet. (In this case.
plasma concentration of cholesterol tended
to be lower with the stanol. but the differ-
ence was not significant.) Also. the rise in
the concentration of plasma triglvceride
after feeding the sterol was not observed
with the stanol feeding.

Inclusion of the stanol in the diet at the
same level as that of cholesterol lowered
the plasma cholesterol to the levels that
were apparentlv similar to those of rats
fed no cholesterol {exp. 2). A simdar trend
was also ohserved in rats fed twice as much
sterol as cholesteral in the presence of
cholic acid (e<p. 4).

* tapan FElectean Optic Labaearare JGC TH0F zac
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The concentration of plasina trizlveenides
m rats ted sitostanol alune tended to be
lower than that of rats ted sitosterol alone,
but the iference -wus not statistically sig-
niRcant fexp. 1),

The effects of different sources of dietary
fats were examined. [n expeniment 3, where
com ol or lard was added to the diet at
the 3% level, the responses of plusma
cholesteral to the sterol and the stanol re-
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sembled those observed in the preceding
expenments in which safffower uil was used
as a dietary fat source at the same level.
Similar results were obtained in rats fed
hugh fat diets (exp. 6) and the stanol feed-
ing resulted in a significant reduction n
plasma cholesterol levels compared to those
of rats fed cholesterol alone (P < 0.001),

whie with the sterol the difference was

gnificant only in rats fed lard (P < 0.03).

[n all experiments, the concentration of
unesterified cholesterol was simultaneously
determined. When elevated plasma levels
of cholesterol in cholesterol-fed rats were
lowered nearly to or below the control
values by supplementing either the sterol
or the stanol, the rato of free to esterified
cholesterol also became normal.

In one experiment (exp. 7), rats were
fed a high cholesterol diet (0.5 choles-
terol and 0.125% cholic acid) for 2 weeks
and followed by a cholesterol-cholic acid
free diet containing sitosterol or sitostanol
at the 0.33% level for an additional 2
weeks. \When the cholesterol diet was re-
placed by the sitosterol or sitastanol diet,
the concentradon of plasma cholesterol
sharply decreased to level corresponding
to that for control rats fed the cholesteroi
free diet throughout (fg. ). Although the
initial fall in the plasma cholesterol dunne
e 3 days after switching the diet appeared
.arkedlv greater with sitosterol. the final
level after 2 weeks tended to be lower with
sitostanol. In addition. the concentration of
plasma triglveende continued to fall as a
result of feeding sitostanol. while that of
rats fed sitosterol remained hizh (fe. 21
Thus. 2 weeks after chanuing dicts. the tri-
glveeride level in sitosterol fed rats swas
significantlv higher than that of rats fed
sitostanol.

As table | shows. the estent of reduc.
tion of hepatic cholesternl and triglveeride
hv the sterol and the stanol appeared sim.

l-(—-—— INBIPeterdl 1ot i AT I TT T TS S =)
[ " e i i i d i
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Fig. 2 Effect of dietary g-sutosteroi and 3-suto-
stanol on the concentration of plasma tnglyceride
in rats previously fed the high cholesterol diet
(exp. 7). Each powst represents mean = sent of
5 rats per group. Chol: cholesteral, Sito: sitosterol
and HSito: sitostanol. P < 0.05 for sitosterol versus

sitostanol at the termunation of the expenment.

dar. although in some cases there were
significant reductions ot hiver lipid levels
due to feeding the stanol compared to the
sterol.

Sterol composition of plasma, liver and
other tissues. Table 1 summarizes the per-
cent composition of sterols in the unsaponi-
flable fractions from plasma and liver. [t
is obvious that rats fed sitostanol, in com-
panson to those fed sitosterol, had signifi-
cantly lower percentage of the sterols other
than cholesterol. Changes in the amounts
and compositions of dietarv fats did not in-
Auence this observaton. {t was also ap-
parent that both plasma 'and liver con-
tained approximatelv similar patterns of
percentage of plant sterols.

Analvses of the sterols by Ag--TLC and
capillary column GLC revealed that after
feeding the stanol less than 3% of the
plant sterols detected was the hvdrogenated
compounds. No hvdroaenated cholesterol
was detected. Thus, almost all of the plant
sternls detected in rats fed the stanol were
the sterols, and most hikelv onamated from
the sterols contaminating the stanol prepa-
rabon and from those occurning i the di
ctary fats. The latter assumption could be
suppoarted by the observanon that rats fed
corn oil. which contamed twice as mneh
plant ~terols as safflower ol contained o
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TABLE 2

EJect vj J-suosicroc g J3-silostunol on ke compositwn of L pwduwlymal
3uigose tigsue and adrenal sicrol

Jterots added o the buaal diet Adipose Lissue Adrenals
E1p Uroups Choies-  3ii0- 3it0- Clotea- Campes-  3ito- Choies- Camypes- Sito-
Nao {Nu uf raws teral serol stanul Leral terol sierob terol ceral sterd
Ye Yo v o of tuial steroint Vo ol tetal steraist
3 3 (5} 0 7] bl 26.7 [ 2 ND? ~D ND
9 i6) 0 [} 9 us 3 Qu Cu ND ND ND
10 16) Q. u '] 2 95 [ ND ND ND
Ll (8) g U 9 b ) i1 ND ND ND
12 18) 0 3 0 P P a4 ] ND ND ND
) 13 Qi ] Pl 353 [ 34 W60=0+ 13=01 2ix0d
147 0.5 0 (Y] 29 ¢ Q3 03 79 3 =0.1° Cxl0e 05=01"
$ 15 () 5 [+ a 952 Lt 17 95605 09 =01 I0=04
16 (8) as [+] V] 78 4 a3 10 99 =01 0.3 =00 Jiex0i*
17m a3 0.5 0 95.7 [ 16 964 =0.¢ 11204 25=04
18 (8) 05 0 03 39.1 04 0.3 98.3 0.1 0.7 =200¢ 1LO=Q 1
8 19 (6} 0.5 0 9 98 7 a4 09 98.6 0.1 08=x01 0.7 0.1
20 (M X Qs "] 933 1t 16 9.8 x0.30 1.220.1% 30202
(N Q.3 bl 0.3 98.2 [V ] 1.3 98.83 £0.1+ 0.6 20.00 0.6 £0.0¢
22 (&) 0.5 ) Q 989 03 os 99.7 0.0 02=00 0.1 =00
M 03 a3 Q 949 L 4.0 95.1 Q. ¢ L4 =01® 15203
4T 0.5 ¢ Q9.3 8.5 04 1.1 99.1 0.0+ 0.4 201¢ 0.4 2014

' Velues are from pooied sampies. ' Mean motm

group (ed cholestacol sloae a1 P < 0.01.

higher percentage of the plant sterols than
those fed saflower oil. This observation,
together with that from the sterol balance
studies which will be described later,
clearly supports the view that only negli-
gible amounts of the stanols are incorpo-
rated into the body. Similar results were
obtained with adipose tissue and adrenal
glands (table 2).

Table 3 shows the concentration and
composition of aorta sterols. Again there

? Not determined
+ Sigaificsatly diferent [ram tha corrasponding sitosterol fed group st P < 0.01

+ Cholic 2c1d (0.123%) waa added nmuitsnsously.
» Sigaificanyy differeat irom (3e correspaading

was demonstrable deposition of plant
sterols. but not of the stanols, into the aorta.
Though these data were from pooled sam-
ples, the concentration of cholesterol ap-
peared somewhat lower in rats of the two
groups fed the sterol or the stanol plus
cholesteral than that of rats fed cholesterol
alone.

Fecal recovery of cholesterol, sitosterol
and sitostanol. These data were derived
from the ratios of Cr and sterols in the diets

TABLE 3
Effect of 8-sitosterol and 8-sitosianol on the concentralion and composition of aoria slerol

Sterols added to the basal diet

Sterol cumposiuion

Exp Croups Choles-  Sito- Sito- Total Choles- Campes-  Sito-
No. (No. of rats) terol steent stanol sterols terol terol sterol
Do P T mg/ 100 mgt Ty of lotal steralst
8 19 (8) 0.5 0 0 Q.18 93 02 N3

20 () 0.3 03 0 0.7 986 "3 0.9
21 (N 0.3 0 0.3 017 093 03 02
22 (6) 03 ] 0 0.18 99.5 vl 01
23(7) 0.5 05 0 017 8.4 04 10
(N 0.5 0 03 0.16 99.5 03 02

' Values ure from pooled samples
internal calibeation standary.

Yl sterods were determined by GLE tsang Seeecholestane as an
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:0 those :n the feces. und were corrected
inr endogenous excretion 1n the correspond-
g cholesterol free control group.

As rabie 4 shows, fecal recovery of added
cholesternl was consistently and  sigmfi-
cantly greater in rats fed sitostanol than
those fed sitosterol. [n rats fed no choles-
terol. average excretion of cholesterol (in-
cludes 1its coprostanol derivative) was 0.42
mg. 100 mg dried feces and that of plant
sterol {includes its coprostanol derivative)
was 020 mg/100 mg. When no cholesterol
was included n the diet {exp. 1), sttostanol
also tended to stimulate excretion of en-
dogenous cholesterol more than did sito-
starol (1.76 times versus 1. 46 times in com-
parison with control rats), but the differ-
ence was not sigmficant. This may be due
to the limited quantity of endogenous

tral sterols excreted by rats fed the diet

: of cholesterol.

In addition. irrespective of the presence
or absence of cholesterol, sitostanol added
to the diets was almost completely recov-

2017

ered in the feces. The averagce fecal recov-
ery of dietary sitosterol ranced between
357% to 92¢%. Addition of cholic acid to the
cholesterol containing diets did not affect
these results, nor did the quantity and the
quality of dietary fats. The somewhat lower
recovery, in comparison to the reported
data (2), of sitosterol in these expenments
may in part be due to the wav by which
this sterol was mixed into the diets. From
the data shown n table 1, it was clear that
signmficant amounts of sitosterol were ab-
sorbed.

DISCUSSION

The ideal hypocholesterolemic agent
should be effective, and free of subjective
side-effects and of toxicity. Plant sterols
come close to that ideal (12). Although one
major advantage of the use of phytosterois
for treatment of hypercholesterolemia is
that they are reladvely safe (1), it has been
generally believed that relatively large

oses of them are required to obtain a sig-

TABLE ¢
Ezcretion of Cholesterol, 3-silosterol and B-sitostanol

Sterols added to the basal diet Fecal excretion
Exp Groups Choles-  3ito-~ Sito~ Choles- Sito- Sito-
No (No. of rats) terol stercl  stanol terol sterol stanol
% % % %' %' %!
t 2 (R) Q 0.3 0 - 83.3x2.1 -
3 /6) 4] 0 0.5 — -— 99.9=1.2¢
2? 3 (6) 0.3 0 o] 3304%1.3 — . —
A (H) 0.3 03 0 733213 88.5£3.1 -
7 /6) 0.3 0 0.3 82913 - 101 =2+
3 10 (6) 0.3 0 0 28.5%£07 _ -
i1 (6} 0.5 0.5 0 §1.6x2.0 86.5=0.9 -
12 (6) 0.3? 0 0.3 76.2+1.0° —_— 100 =2¢
4 1347 0.3 1.0 0 73.0=2.1 866=18 -
14 47) 0.3 0 1.0 86.2%1.9% —_ 100 =l
1534 0.3 0.3 0 75.3x0.6 88.9£23 -
16 (8) 03 0 03 87.1x35.2 - 97 2&1.4¢
17 (7 0.5 Qs 0 64.3%1.1 91.9£2.1 -
18§ 0.5 0 0.3 85.1%=1.9% — 100 =3¢
8 19 (6) 04 0 Q 46l 4 —_ -
20(T) 03 03 0 60.4=09 87.1£52 -
20N 03 o] 0.3 77319 -— 100 =2
226 0.5 0 0 30.1%1.1 —_ -
2.9 035 0.3 0 665218 B65=1.3 -
44T 0.5 0 .3 33.0%1.4° - 191 =i

PMean=sem. ' Cholie acid (0125,
curresponding sitosternd fed group at /2 < 0.05.
fed group at 2 < 0Ot

ferenes betwesn sitnsterol and sitostanol was agnifieant at 2 < oS

aas added simultanenysiv e
* Significantly different from the corresponding sttosterni
« Liilerence between ~itosterul and sitostannl was signiticant at 7 < 001,

« Significantiyv different (rom the

¢ il

Ihfference 1 exerstion of choless

rnl twetween eats fed cholesterol ndone amd cholesterol plus sitosterod or atestanel wis agntlicant
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nficant cholesterol lowenng effect. Thus
has been cunsidered to be 3 major disad-
vantage of the use of these sterols us
therapy for hypercholesterolerma. A recent
studv by Crundy and Mok (13) showed
that ntakes of g-sitosterol as low as 3 g/
dav inlubited absorption of cholesterol to
a maximum degree. and much larger doses
did not cause a further significant decrease
n absarption of cholesterol. From this find-
ing, these authors consider that phyto-
sterols, in a2 sense, can be a form of diet
therapy rather than drug treatment (13).
On the other hand. because of differences
in absorbability among individual phyto-
sterols normally encountered in edible oils,
the preparations that contain detectabie
amounts of campesterol can not be recom-
mended for therapeutic use (2). [ntestinal
absorption of natural plant sterols appears
to be affected by the length of the side
chain of the molecules. namely, the lonier
the side chain, the less the absorption (1).
Thus, less sitosterol 1s absorbed than
campesterol. In addition, absorption of di-
hydrosterols appears to be much lower
than that of the corresponding sterols, as
can be demonstrated with cholesterol and
cholestanol (6) as well as phytosterols and
phytostanols (5).

On the basis of these considerations, we
have examined the hypocholesterolemic
actavity of nearly pure J-sitosterol and
@-sitostanol. Commercial vegetable oils
contained varving amounts ot the stanols
in their so called sterol fractions (unpub-
lished observations). Commercial g-sito-
sterol preparations from different suppliers
also were found to contain 109 to 139
sitostanol. Thus, it seemed likely that
3-sitostanol is as safe as @-sitosterol. This
assumption is supported by the observa.
ton that rats fed phytostanol mixtures (1)
or sitostanol grew normally and had normal
visceral weights (liver. kidney, heart, lung,
splecn. testes and adrenals) and appear-
ance. Furthermore, feeding the stanol never
resulted in any apparent abnormality in
fecal excretion such as constipation or
diarrhea. There were also no differences in
the absorbability of dictary protein. sugar
and fats (measured in expt. 3).

Sterol balance data shown in table 4
clearb demaonsteated that the hydrogenated

sterol shmulated cholestersl excreqon mere
than did the unhydrogenated sterol and
that the stanol itseif wus cxcreted almost
completely into feces. The fecal recovery
of labeled sitostanol during the frst 7 days
after oral adminstration was also almost
complete and that of sitosterol was below
9075 (data to be published). Transforma-
tion of cholesterol to coprostanol was
slightly inhibited by the simultaneous in-
estion of sitostanel n comparison to that
ound when sitosterol was ingested . the
ratio of coprostanol to cholesterol, 14.3 to
19.49% versus 8.8 to 18.8%). Also, conver-
sion of sitostanol to the corresponding
coprositostanol was significantly lower than
that of sitosterol (the rato of copro-
sitostanol to sitosterol or sitostanol, 11.2 to
13.19% versus 1.9 to 3.7%) and this trans-
formation was markedly reduced by the
simultaneous ingestion of cholic acxc{ (2.1
to 3.6% versus 1.7 to 2.0% ). Since a recent
study by Covind Rao et al. (4) suggested
probable side-effects of absorbed phyto-
sterols, the observations that sitostanol is
essentially not absorbed nor deposited in
the body pool and that it possesses a greater
cholesterol lowenng activity suggest that
sitostanol is a more’ ideal hvpocholesterol-
emic compound than sitosterol. The ap-
parent lack of significant differences in the
hypocholesterolemic activity of the sterol
and the stanol in rats fed no cholesterol
{expt. 1 and also exp. 7) mayv primarilv be
due to the relatve shortness of the feeding
periods. In fact. the concentration of plasma
cholesterol in rats fed the stanol in these
experiments tended to be slightly lower
than that of those eating the sterol. For
further validation of the effectiveness of
sitostanol for treatment of hypercholesterol-
emia. we are cyrrently studyving their ef-
fect on rabbits and the fate of labeled
stanol in \ivo in rats.
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THE EFFECT OF SITOSTANOL ESTER MARGARINE ON SIRUM
LIPIDE IN HEALTHY CHILDREN ALREADY ON A DIET {.OW IN
SATURATED FAT AND CHOLESTEROL. THE STRIP PROJECT

ALamm, T. Ronnemas, H. Gylling, K. Pulkki, O Simel! snd the STRIP Study

Group
Cardiorespiratory Research Unit, Universty of Turku

Sitostanol cster margerine lowers serum cholesterol in 8 muldly hyper-
cholesterolemic  adult populstion snd children with fmilial hyper-
cholesterolemia. To study the cholesterol loweting effect and tolersbility of
siostanc| ester margarine in healthy children we launched ¢ study with double
blind croas over design. The scudy subjects were advised to replacs 30g per day
of their dictary fal wilh sty margarne (stostanol margarine or placebo) for
three manthe. After six weeks wash-out penod the diets were swilched over for
dwoe meaths. The study subgects were wix yeas old vlukken aking part in the
STRIP project which is 3 randomized, prospective trisl sumed 0 reduce the
predisposition of children 0 known stherasclerosis risk factors. AN the
children belanged in the intervention group and, thus, were alresdy on 3 diet
low in sstursted fat and cholesterol. Seventy-two children completed the study.
Fasting serum total and HDL cholesterc!, Inglycendes, creatinme, lectic
dehydrogenase, and glutamy! manaferase were messured by an enzymat
method. LDL cholesterol was calculsted according to Friedewald's formula

Red and whits blood cells counts, bemogiobin concentration, and red blood cell
indices were determined Wsinig avtomatic Analyzer. Sitostanol margarine waa
well tolersied. The mean consumption of study margarne was 18.2 g per dey
during both the sitostanc! and the placebo panads Canaequently, the snostno)
dose was 1 46 g par day. The masn sastum lotal cholesterol concenzrauon prior
10 placeba and sitostsnol periods was 4.35 and 4.26 maolL and st Uw end of
penods 4.23 sad 4.00 mmoVL, rempectively. The comcaponding values for LDL
cholesterol wers 2.74 and 2.63 mmol/L prior o the periods and 2.50 snd 3.40
mmol/L a« the end. P valus for ihe tremiment effect waz 0.000) in serum total
cholestaro! and 0.0001 i LOL cholesiérol. Neither serum HDL. cholesierat and
nglycends concentraiion nor safety markers were alfecied by silostanol. We
conclude that sitdsiinel esier marganne has & small but significant decreasing
efTect on seraen tota) and 1.DL cholesierol in heslthy chiidren who are already
on » et low in saturated fal and cholesterol.
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THE EFFECT OF SITOSTANOL ESTER MARGARINE ON SERUM LIPIDS IN HEALTHY
CHILDREN ALREADY ON A DIET LOW IN SATURATED FAT AND CHOLESTEROL
THE STRIP PROJECT

A Jammi, T. Rénnemaa, H. Gylling, K. Pulkki, O. Simell and the STRIP Study Group
Cardiorespiratory Research Unit and Departments of Pediatrics and Medicine of Turku University,
Department of Medicine of Helsinki University, and Department of Laboratory of Turku University
Central Hospital, Finland

INTRODUCTION

Atherosclerosis begins early in life. High total and LDL cholesterol concentrations are major risk factors
for atherosclerosis and, already in childhood, LDL cholesterol values correlates with the extent of early
atherosclerotic lesions. The mean cholesterol concentration of 4.5 mmol/L in Finnish children is higher
than in most western countries and higher than recommended. Dietary interventions in healthy or
hypercholesterolemic children have achieved inconsistent reduction in serum cholesterol values.
Sitostanol ester margarine lowers serum total cholesterol by 10 percent and LDL cholesterol
concentration by 15 percent in a mildly hypercholesterolemic adult population and children with
familial hypercholesterolemia (FH). Since the benefit of serum cholesterol reduction in atherosclerosis
prevention may be especially great when starting at an early age, we wanted to study the cholesterol
lowering effect and tolerability of sitostano! ester margarine in healthy six years old children already on
a diet low in saturated fat and cholesterol.

SUBJECTS AND METHODS

This study is a part of the STRIP project, which is a randomized, prospective trial aimed at decreasing
exposure of young children to known atherosclerosis risk factors. A total of 1062 infants at seven
months of age were randomized to intervention (n=540) and control (n=522) groups. Intervention
children achieved dietary counseling with main emphasis on a diet low in saturated fat and cholesterol.
Eighty-one healthy children aged six years from intervention group were recruited to sitostanol
margarine study. The children were advised to replace 20 g per day of dietary fat with study marganne
with or without sitostanol ester for three months. After six weeks’ wash-out period the diets were
switched over for three months. Study was performed double-blinded.

Fasting serum total and HDL cholesterol, triglycerides, creatinine, lactate dehydrogenase and
glutamyltransferase were measured by enzymatic methods. LDL cholesterol was calculated according to
Friedewald’s formula. Red and white blood cell counts, red blood cell indices and hemoglobin
concentration were determined using an automatic analyzer. Serum a-tocopherol and B-carotene
concentrations were measured with high performance liquid chromatography. Serum noncholesterol
sterols were determined with gas chromatography.

RESULTS

Seventy-two children completed the study. Sitostanol ester margarine was well tolerated and no adverse
clinical effects were observed. The mean consumption of margarine was 18.2 g during both study
periods. Consequently, the sitostanol dose was 1.46 g per day. Sitostanol ester margarine reduced serum
total and LDL cholesterol by 5.2 and 7.3 per cent from baseline values, respectively (fig). As HDL
cholesterol was not affected, HDL/total cholesterol ratio increased 5.6 percent. Serum triglyceride
concentration was unchanged as well as safety markers. Serum a-tocopherol and B-carotene levels
decreased slightly. These antioxidants are carried in LDL particles in plasma. Because LDL cholesterol
concentration decreased, we calculated a-tocopherol and f-carotene per LDL cholesterol. LDL
cholesterol adjusted a-tocopherol was unchanged and LDL cholesterol adjusted -carotene decreased by
17.6 percent (table 1). Serum campesterol concentration as well as campesterol to cholesterol ratio were
reduced by sitostanol treatment (table 2). The reduction in serum total and LDL cholesterol



N
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concentrations showed positive correlations with the reduction in serum campesterol concentration
(r=0.42, p=0.0001 and r=0.39, p= 0.0005,respectively). Concentration of cholesterol precursor sterol,
A8-cholestenol, showed an increase (table 2).

CONCLUSIONS

Sitostanol ester margarine has a significant decreasing effect on serum total and LDL cholesterol
concentrations in healthy children who are already on a diet low in saturated fat and cholesterol. The
decrease in serum total and LDL cholesterol concentrations observed in this study was smaller than the
respective decrease in studies performed in adults or in children with FH. However, our study subjects
showed lower baseline cholesterol values than the others. This might contribute to our result. No adverse
effects were observed in our short term study. The significance of a reduction in -carotene/LDL ratio is
unknown. A marked reduction in serum campesterol concentration suggests that a decrease in serum
cholesterol values is due to inhibition of cholesterol absorption caused by sitostanol ingestion. An
increase in serum A8-cholestenol reflects compensatory activation in serum cholesterol synthesis.
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Table 1. Serum concentrations of a-tocopherol and f-carotene (mg/L) and their ratio to LDL (mg/mmol of cholesterol) before
and after sitostanol and control study periods

a-tocopherol a-tocopherol/LDL p-carotene p-carotene/LDL

i it Ratanug BIfIEYORNE Control

Before treatment TR VAN 8.1511.37 3.07+0.52 B KN 0. ) TRTEETRTTEN 0.1610.07
After treatment AN 8.2511.34 3.1810.58 H e i S 0.1710.09
Treatment effect SR .

Treatment effect %
P-value

Table 2. Serum concentrations of campesterol and A8-cholestenol (ug/dL) and their ratio to cholesterol (10° pmol/mmol of
cholesterol) before and after sitostanol and control study periods

Campesterol Campesterol/chol A8-cholestenol A8-cholestenol/chol
j il Control | Sitasts Control Control
Before treatment 5981205 B 393+122 i 1417 915
After treatment | 6331210 g 4261153 e 1416 1014
Treatment effect . Ige . .

Treatment effect % _
P-value Mg
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GENERAL PEDIATRICS & PREVENTIVE PEDIATRICS

773

773

Health Care {or Urban Underserved Children
Roger E Spizer, Marshall Cenvse, Anh

adents ars Volunteers, e Scrence Cenmter, Syracuse, New York (50 Y
As 3 response (0 detenorating .afant moawlity {20/1000 live births), low immuntzation rates (50¢a). and
inerensing use of the Unwerity Emergency Room {of pnmary care, we developed a free pediinc clinic,
wmetuding physicizn services. all medications, and immumizations, in the dasement of one of the
tuildings of an urhan low cost housing project, thereby ehminanng costs and access s barriers to heaith
care. House calls were aiso provided. Volunrzers included medical students (at least 100/yexr),
pedinunc:ans. nueses and recepuoniss. During the 7 years of our exisience, we reduced infant mertalicy
in 1995 to 2 and 0in 1996 and 1597, while the infant monality fuc the rest of the clty remasned high at
14-20/1C30 live ownhs  Funther, immunizauon rates rose from 50% to 90% «n [996 and [397 while in the
remander of the zity, rates persisted o $0-50%. Firally, we wese 3ble o promote 3 405% reduction m ER
ust 10 1997 compased o oniy 3 0% reducuon for panents otver than those in the housing project.
Although mongy and ccess were imporane the community awributes this improvement to the
tumanisuc and culturally sznsitive cara medtd by our sioff (especially our medical student

). Bqually imp. was the de ofa y which felt responsibility for each

ather.
(Supported by the New York Suste Office of Minonity Health)

773 Poster Session IV, Tuesday, 5/4 (poster 51)

Plant Stanol Ester Margarine as o Serum Cholesterol Lowering Agent ic Healthy Children on

Diet Low (n Saturated Fat and Cholesterol. The STRIP Project

Anne Tammi. Japanl Ronnemas, Qlli Simell, Cardioresputory Reseasch Unit, Univensity of Turku,
TRy, , Depanmeat of Medicine. University of Turkw, Turku, FIN, Departmect of Pedusmics,

Universuty of Turku, Turku, FIN (Spon by: Ot Simell)

Atherosclerosis begins carly in life and grog slowly inte symp ic cotonary deart disease in

dulthood. Hyperchoi jemin is the mun risk factor for aherosclerosis. Plant stanol T

edn DM rRLIATRID usisel s
This arsicis 15 far iadividual use oenv and 13y %o
reproduced or stored electronically without wmicte
frem the copyright holder. Tnaushorized repraduct:
11 fioancial and other zenalties,

L33A

775 Health Services Research: Quaiiny Plagorm Sancday, 571

Measuring Quality of Cace for Children and Adolescents in Managed Care

logeph W Thompson, Oepartment of Pediamncs, University of Askansas College of Mecicne, Lictle
Reek, AR (Spon 5y Richwd F Jacoos)

\h.nagcd cae systems ncreasingly dominate health cae in commarcial, medicaid, and the new State
Chilaren’s Health lnsurance Programs. However, concems grow daily abour quality of zate provided (o
stuldren and adolescents tzough uiese programs. Curenty the ndusury standard for assessing qualicy
J.:E%\;Spcﬁomance mdicmors included witin he Healts Plan Empioyer Data ard Wrformanen Set
| )

We examine the aspects of care for children and adolescents which are evaluated through zesformance
measuces [n the currenr version of HEDIS. Results from anaiyses cn daia zallected reflec:tng care 10
over 50 million Amencans are reported. Finally, anticipates ac¢diuons ‘0 e measurement set aad
saalegies underwvay 10 resolve gaps in quality assessmen: are described

HEDIS contains 18 standardized measures for monttening qualily of care for children and adolescents
These included $ climeal measuces (e g, Imumunizanon tates), § uulization measures (£.3., myrir gotomy
rates), and 5 accesy measures (e.g., well child visits;. [n 1997, commereral 'na339) and Medicaid (ne3 1)
plans subnytred dawa with most plans reporning Slimcal (34Y) anc utilizauon measutes 190%). 1nd
fewest rzporung access measures (31 %)

Significant vanauon in health pian performance withun markets is present for eaclt measure of chuld and
agolescent health care qualny Examples of variaton 4 commersial plan performance :n 1997 inc.ude:
childhood immuniuzsuon rate, meanebS 3%, samid.2; adolescent Immunization -ate. meane$53.8,
sdw18.3; mynngotomy rate. meana22 4/1000. sdwi2.4, childten with recommended aumber of weil-
child visits by 15 months of age meane35%, sda2$.1; sdofescert wedl care visits annuaily, mean=32.3,
sdw|6.5. [n addiuon, marked regional vanation i3 observed for select measures and Medicaid plans
frequently report poorer quaiity of case than their commercial counterpasts. Prelimuinary evaluations of
1998 reported datu suggest mmumal heulth plan :mprovement.

In 1999, HEDIS wul unilize the Consumner Assesyment of Health Plan Survey. Comparative informacion
from :uents on expetiences of care will be made publicly avmlabie including raungs of pamary care
providers, speciality care providers, and health plan quality. EHorts ae uncervay 1o develop straegies
for aszessing quality of care provided ro chronically il chuldren nad those with disabilides.

Reported quality of care for children apd adal varies dr ly across ged care sysiems
in the United Siates. These differences have imporanc clinical implicanons. The research community
Must engage 16 expand avalable measeres for use, imgrove e quality of avauiable data, and provide
gutdance in w3 inaTpretation,

776 General Pediatrics Uil Plasform, Tuesday. 5/4

Broachiolitis: A Four-Year Comparative Evaluation of the Impact of a Clinical Care Pathway on

Patient Qutcome and Resource Utllizatian Using a Large National Dataset

] ertoch Su lgn. Pediaincs. University of Colorado School of Medicine,
nver, . Child Healh Corporation of Amenca, Shawnee Mission, KS. Epidemiology. The

Chifdren’s Hospital, Denver, CO

Tt has been proposed tha clinical care paths can {avorubly influence wilization and clinical owcomes by

lowers ‘serum cholesterol in mikdly hypercholeserolemic adults and children with famulial
hypercholesiersiemia

To study the cholesterol lowmnf effect and tolemmbility of plant stanol margarine in healthy children we
launched a siudy with double-bllnd cross-over design. The srudy subj ware advised (o replace 20 g
per day of their dietary far with plant stanal or conwol margarine for three months. After six weeks'
wash-out period the diets were switched over for tiree months. The study subjects (nm81) were 3ix years
old children taking past in the STRIP project (n=774) which is a mndomized, prospective trial aimed ai
i ion of young child: o known sheroscierosis nsk factors. All childrea
group and, thus, wers already on a diet low In saturated far and cholesterol

g the predisposii
belonged (o the intervention

widely di j based, p ¥ for pagent care. Unique (caosative)
effects can be infezred il consistent (atra-Instirunional effects on the (argeted variables are documnented
aver sequential yewrs and if the test instiwoon differs from ower comparadle instirutions. We used the
CA Pediatric Health Information System dataset to measure the ;mpact of an evidence-based
Bronchiolitis care pach a¢ The Childreas Hospital, Deaver (TCH) from 1994 (pre) 10 1995-{997 ipost)
and @ compare these changss to otrer children's haspitals. Qur care path focused on cleas Wamisnon and
i 3¢ criteria, individuali ticipating orders, and “prove it or don't use it' sntena for
the use of: RSV tesung (not g ‘fmb‘J, ). bronchodilators. "‘"‘,r y apy. and
nbavisia. Overall, 10,636 bronchiolitis cases were studied comparing “days of use” for sach sniization
vatisble. Significant (p<0.05) results are shown in the table (= decreased, T » increased).

T'é:éey %mnml or mildly efevated seram cholesterol vaiues with mean oo of ICH Target 'ch}-{ 95-57 vs 34 TCH vs Others (96-9T)

166 mg/dl. Adrussion Rats {seventy adj) Camparible

Resulls were w{yud ding (eli i 1'_;" incipl s:wmy—;wo chiktml compieted the Sev:nty‘ T T ¥ Comparable

study. Plant stanol marganne was wetl tols d mean p of plant stanol macgarise was i 5 i C

182 ¢ per day, and the plant sanal dose was 1.49 g par day. Plant stanol margarine reduced serum total mﬁ"s:’" é’ 5 {severity adj) lampanblc

and LDL cholesierol concenoanon by 5.4 and 7.5 percent, respectively. Neither serum HDLU cholestersl 1CU Use No Target 1 1

nor  uiglycerde :m;crnnu‘on ?r safety markers (b l. markers, ing lacss RSV Tess 1 b Y i

d X X

o;hydrngtnuelan Sluart x{am' '5";‘“2,"‘”"';‘;‘,{‘;‘::,‘{ b “M‘S’e:;ﬁ,‘m - Stngnncfnsﬂ'xmooe B odilacors i Change in Use Pattem Comparable

ratio decreased by 17.6 percent. CPT 1 L i

We conciude that plant stanot margarine jowers serum total and LDL cholesterol without sdverss effsces  Ribaviria l 4 _ Compasable

in healthy children who are already on 3 diet low in saturated fat and cholesterol. 1 Ily, TCH resids and ding! ponded favaaably to the boommhiotius care path resulting in
impy d and d d lization. There were no fatalities and ICU days decreased
even thouwgh the mean severiry of wdmitted cases [ ly. Targeted utlization was

774 Poster Session 1V, Tuesday, 5/4 (posser 3)

Early Laterveation for Children with Developmenial Diserders: Who Do Physicisns Refer?
Eiiu?ﬁ Dcmginn \Vindx Rnﬁen; Angie §|2g. Child Development Centre, Dept. of Paedistrics,
The Hospitat for Sick Ctularen. U. Toronko, Toronre, Ont., Canada (Spon by: Robert Haslam)

Parents’ concerns about phytician delay in referring their children foc caxly intervention (E.L) services
led to a3 survey all of early inlcrventionists in Ontario. Interventionists wers potled ding their

favorably affected, resulting in & COR savings of > $100,000 per year, whereas uniargeied utdizauon was
not. Nosocomial iafections did not increase with decreased use of RSV westing. TCH dulfered favorably
from other children’s hospiials in scveral targeted caregocies. We conciude that large datasets can be
usaful in ing pli with svid based care guidel which. in mum, can successfully
influence utlizauon and evidence-predicied outcomes.

777 Poster Session [V, Tuesday, 5/4 (poster 50)
How Much Fot Is There in the Body Mass Index (BMI)?
v jillieg. W S Cuyi H ichards. Department of Pacdiatnes, University
of Auckland, Auciland,

Although das from several sources Juggesu ihat the BMI of children s increaning in deveioped

percepuons of physician referrals o El for children experiencing 8 wide of developmental
disbilites. 44 of the 45 existing eaciy mtervention programs in Oaario responded 10 the turvey,
providing data an the 5116 children curremtly receiving an In home intervention servics. 21% of the
shildren were at environmental risk for delay, 9.5% had a primaxy or audisiie

we know of no duts 1o verify thal this increxse 13 due (o an increase in far mass rather than

lean body mass. Further. it 13 not clear that the same BMI standards for obesity can be applied to ail

etinic groups because of ruuibk differences in body composifion. We therefore 1ested the hypothesis

that lean body mass and fat mass are closaly correlaied o BMI in ail groups of an ethnically diverse
istion und tesred the implestion of defining obesity based og percent body fat

disorder, 8% had diagnoses of specific penenc disorders, while 7% had an andiagnasad davelopmentat
delay. Otker medical diagn fac k and di acount for the
ing mujority of tha p P hild wnd providing famdy
suppont and counselling were the primary goals of the intervention. 33% of the total referrals to these
Jrograms were made by physicians and hospitais, while 23.5% were mide dicectly by the parems. One
third of the pares: refermls, however, wers made on the advice of thelr physician. Almost 60% of
refermals from physicians were from pediatricians while J0% were from family physicians. Responses
{rom B2% of the interveruon programs indicate that physicians wait 100 long Seloce naku:&: refermal
for intervention, primarily because there has besn no firmed devet { di i gremes:
delays in referral were foc children with communiesiion disorders and those at risk for delay dea 1o
envyonmental facton. All programs respanded that whea physicisas do make refereals o intervention
they are appropriate 90-100% of the tme (Le. high specificity). Qver 50% of the intervention programs
repart that parents do not feel that physicians have time to appreciate tieir concarns about their child's
devetopment. Similaty they feel thewr concerns are irivialized through what is often false reassuraacs
regarding normal outcome.
1t appears that when physicians maka referrals for early intervention. they are

tasds Clntiraisi 1

Bgfggg_ WVe measured height, weight and fost 16 foot bioelectrical impedance (BIA) of 2273 schaol
children from 5 1o 10.9 years ald and body composition by dual energy x-cay absorpucmetry (DEXA)
in & subgroup of 63 children B
R . DEXA and BLA techni for evaiuaion of body P gave closely correiated results
lor body mass (LBMD (rw0.97),fat 21833 (r=0.98) and percentage fat (re0.86) in the subgroup of 63
children, validating foox to foot BIA 0 evaluate body compasition in chiidren. In 2173 chuldren. using
BIA results, we found close relationships between BMI and lean body mass (r0.68), BMI and fat mass
(rw0.90) and BMI and % fat (re0.75) which was valid for all etbnic grougs. .

Using NHANES refarence dats BMI of >95% percencile a3 our defimition of abesity, 14.3% of all
children wers obese. Age, gender and socioeconomic classification of the school area did not influence
obesity cates. The peccantage of obese children differed dwﬁcan(.ll (p<0.0001 by ANOVAamang the
ethnic groups. Obesity raus varied considerably ding oo which arditrasy defiucion of cbesity was
used, as shown i the table Delow as a percentage of children In each ethnic group fulfilling the specified
dafinition of obesity.

however In spite of high specificity, there may be low sensiGvity, pmicuhﬂy foe a_ﬂr&ur ik
d | delay with unspecificd etiology. A “wait and see” approach or delays in obuining
develogroamial consultadan, due w long wait lists, may each be facters fox undes of late
ceferral. Parental anxiety and waste of coitical periods of nevroplasiieicy are both ceasons for physicisns
1@ increase sensitivity regarding Use need for carly developmental intervention.

N BMI>95% >213%(x »>30% ¢ >35%fx  >408% Ix
Al children 2713 (43 56.4 332 15.3 :.g
European 903 8.6 505 8.7 12 .
Maen 424 158 L1 363 10.6 10.6
Pacific lsland 827 241 643 418 2.1 142
Asian 180 56 36.7 17.8 © 67 28
Indian 93 e 7 49.5 4.4 204

j ity i i blished
;gﬁlmgm- 1.Childbood obesity is prevalenc in 3-11 year olds in Auckland. 2. Obesity is esa
enury years oid. ). Ethnic differences :a obesity rates are cleaf ind cs8a0L be
o u,‘m;‘ imea m“ ) t.d . 4.%:.:#«0 foot BLA is 3 valid method for determining
body compasiion in children. $. The optimal definition of obesity 15 nok clear and the implication of
differant deflnitions for public hasith planning is conskherable.
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Technical Assessment Systems, Inc. (TAS). TAS-DIET™: TAS
International Diet Research System, U.S. Module, Version 3.51.
TAS, Inc.: Washington, D.C. 1997.
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Evaluation of the use of 3-sitostanol as a
nonabsorbable marker for quantifying
cholesterol absorption

James G. Terty, Barbara L. McGill, and
John R. Crouse III!

Department of Internal Medicine, Bowman Gray
School of Medicine of Wake Forest University,
Winston-Salem, NC 27157

Summary For over a decade investigators have quantified
cholesterol absorption by comparison of dietary intake and
fecal excretion of isotopic cholesterol with that of B-sitosterol
as a “nonabsorbable” marker. However, B-sitosterol might
not be ideal due to its potential for absorption. We therefore
carried out two studies to evaluate a new marker with less
potential for absorption, [*H]B-sitostanol. In the first study
(Study [, n = 22), we compared absorption of [*H]B-sitostanol
and [*C]B-sitosterol in a simultancous dual-label continuous
feeding (“phytosterol absorption™) experiment. We observed
a consistently higher ratio of [*H]B-sitostanol/("C]p-si-
tosterol in the stool relative to diet on the first day of fecal
collection (6.1% t 3.2% loss of [*H]B-sitosterol, range 3-12%),
but thereafter, the ratio in stool was similar to that in diet. In
Study II (n = 23), we compared cholesterol absorption di-
recdy using [*H]B-sitosterol and ['*Clcholesterol, and, sepa-
rately, [*H]P-sitostanol and {'*C]cholesterol. We found that
mean absorption between the two methods was similar (45%
+ 11% versus 44% + 10%, respectively, P difference = 0.40),
and the two methods correlated well with one another (r =
0.88) when samples from all available days were used. Vari-
ability between the two methods was greater in individuals
who absorbed more than 40% of cholesterol. Cholesterol loss
on day 2 estimated from use of P-sitostanol as a nonabsor-
bable marker was predictive of absorption using ratios from
days 4-6 (r = 0.80). B3 These results suggest that, for the
majority of subjects, P-sitosterol is a valid nonabsorbable
marker for cholesterol absorption.—Terry, J. G., B. L.
McGill, and ]. R. Crouse ITI. Evaluation of the use of B-sito-
stanol as a nonabsorbable marker for quantifying cholesterol
absorption. /. Lipid Res. 1995. 36: 2267-2271.

Supplementary key words cholesterol » absorption o phytosterols

Cholesterol absorption has recently re-emerged as a
potentially important contributor to the regulation of
cholesterol metabolism (1, 2). Several methods have
been advocated for quantifying absorption including
the method of Zilversmit and Hughes (3, 4), the single
dose isotopic diet/fecal ratio method (5), and the con-
tinuous feeding isotopic diet/fecal ratio method (6).
The latter two methods depend on comparison of the
excretion of labeled cholesterol with that of a labeled
nonabsorbable marker, traditionally B-sitosterol.

Although poorly absorbed, it is recognized that about
5% of P-sitosterol is absorbed (7, 8), and in some patients
up to 30% absorption can occur (9). p-Sitostanol, on the
other hand, is thought to be nonabsorbable (10).

We therefore compared B-sitosterol and f-sitostanol
as markers for cholesterol absorption in human beings.

.
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We carried out two studies of absorption in 45 healthy
individuals. In the phytosterol absorption study (Study
I) 22 volunteers were fed radiolabeled [4C)B-sitosterol
and [®H]B-sitostanol daily for 6 days and stools were
collected. Fecal ratio of isotopes was compared to that
in the diet.

In the cholesterol absorption comparison study
{Study II) 23 volunteers underwent two tests of choles-
terol absorption separated by 1 month in which C
cholesterol and either [*H]B-sitosterol or [*H]B-sito-
stanol were dosed. For the two cholesterol absorption
studies, 8 patients consumed ad lib diets at home and
15 consumed diets prepared in the Bowman Gray
GCRC diet kitchen. Metabolic diets were consumed for
7-11 days and were eucaloric providing 33% of calories
from fat, 48% from carbohydrate, and 19% from protein
along with 300 mg cholesterol daily. Plasma concentra-
tions of lipids and lipoproteins were measured in the
CDC standardized Lipid Laboratory at Bowman Gray
School of Medicine (11).

Absorption studies

[4-'*C]cholesterol (52 mCi/mmol) and custom syn-
thesized [4-!4C]B-sitosterol (55 mCi/mmol) were ob-
tained from Amersham Corp., Arlington Heights, IL.
(22,23-3H]B-sitosterol (77 Ci/mmol) and [5,6°H]f-sito-
stanol (47 Ci/mmol) were custom synthesized by New
England Nuclear, Boston, MA. Both tritiated f-sitosterol
and PB-sitostanol were produced from tritiated stigmas-
terol by sequential hydrogenation. Unlabeled B-si-
tosterol and stigmasterol were purchased form Sigma
Chemical Co., St. Louis, MO. Five alpha-cholestane was
purchased from Matreya, Inc., Pleasant Gap, PA. Unla-
beled B-sitostanol was a gift from Dr. Margo Denke.
Unlabeled B-sitostanol was > 90% pure by GLC (Hewlett-
Packard 5890A) on a 15 M J&W DBI17 column, and
retention time was consistent with previous reports (12).

Isotopic purity of radiolabeled sterols was determined
by HPLC (ISCO 2350) using a C-18 column (SGE) with
isocratic buffer system (acetonitrile-isopropanol 1:1)
and absorbance detection at 215 nm. All radiolabeled
sterols were HPLC cochromatographed with cold car-
riers and fractions were collected as previously de-
scribed (13). Radioactivity was determined by liquid
scintillation counting (Packard CA 2100 LSC). The lack

Abbreviations: GLC, gas-liquid chromatography, HPLC, high
performance liquid chromatography: BMI. body mass index; TC, total
cholesterol; TG, triglyceride; LDL, low density lipoprotein.

'To whom reprint should be addressed.
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of a double bond in B-sitostanol prevented absorbance
detection at 215 nm, therefore, an additional step using
GLC was required. For this, unlabeled B-sitostanol
standard was run on HPLC and fractions were collected.
The fractions were then subjected to GLC to determine
the retention time of B-sitostanol in our HPLC system.

[!4C]cholesterol and [*C]B-sitosterol were each > 98%
isotopically pure. [*H]B-sitosterol and [*H]B-sitostanol
were < 90% isotopically pure and required preparative
purification by HPLC. Subsequent HPLC showed that
> 96% of the activity from both [3H]P-sitosterol and
[*H]P-sitostanol eluted under a single peak consistent
with standards.

For Study I a mixture of 0.10 pCi('*C]B-sitosterol and
0.31 uCi[*H]BITCNewBaskerville"sitostanol was fed
daily to ambulatory volunteers for 6 days (D1-6). Par-
ticipants were instructed to collect one stool sample per
day by the outpatient method of Hoffman, LaRusso, and
Hoffman (14) either on D2-6 (n = 10) or only on D4-6
(n=12).

Duplicate stool samples were saponified and the hex-
ane-extracted neutral lipids were dried onto paper cones
prior to combustion by Packard 306 Oxidizer as pre-
viously described (15). Samples of administered isotope
were included as controls and frequent recovery checks
were performed (recovery > 95%).

For quantification of B-sitosterol absorption the for-
mula adopted was:

fecal B-sitosterol/B-sitostanol
B-sitosterol absorption = 1-
dietary B-sitosterol/B-sitostanol

This formula is a modification of one that has been
shown to be reliable for quantifying cholesterol absorp-
tion in stool samples from D4-6; differential disappear-
ance of isotope on D2 and D3 is characterized as isotope
loss rather than absorption because loss could also occur
through isotope exchange.

Study II participants underwent two studies of choles-
terol absorption separated by 1 month in which they
received either 0.11 pCi [**C]cholesterol and 0.29 uCi
(*H]PB-sitosterol or alternatively 0.10 uCi ['*C]choles-
terol and 0.29 uCi {3H]B-sitostanol for 6 consecutive
days. Subjects were assigned at random 1o their se-
quence of studies and the sample analyst was blinded to
the order of assignment.

Daily loss of isotope as well as means for D4-6 were
used to determine B-sitosterol absorption or cholesterol
absorption as previously described (6). Means and stand-
ard deviations and associations were compared between
periods and groups using paired t-tests and correlation
statistics.
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RESULTS

Study I

Participants in Study [ were 67 £ 6 years of age (range
49-75) and 50% female; they had body mass index
(BMI) of 27 £ 4 (range 22-38). They were slightly
hypercholesterolemic overall with plasma concentra-
tion of total cholesterol (TC) of 236 + 31 mg/dl (range
186-298 mg/dl) and low density lipoprotein cholesterol
(LDL) of 154 t 22 mg/dl (range 122-203 mg/dl).
Plasma concentration of triglycerides (TG) for Study 1
participants was 218 + 161 mg/dl (range 69-835 mg/dl).

Twenty-two participants completed Study I that com-
pared ['*C]B-sitosterol and [*H]B-sitostanol absorption
(Fig. 1). All participants were asked to collect stool
samples on D4-6 of Study I while a subset of participants
(n = 10) was requested to collect samples on D2 and D3
as well. Mean % absorption of B-sitosterol on D4, D5,
and D6 was 2.5% £3.9%,-1.3% £ 3.6%, and -1.8%, + 4.6%
respectively (mean % absorption D4-6 = -0.1% t 2.7%,
and did not differ from 0% absorption). In those sub-
jects who submitted samples from D2 and D3, preferen-
tial loss of B-sitosterol from stool on day 1 was reflected
in a ratio of fecal/diet [*H]B-sitostanol/['*C]B-sitosterol
that was consistently > 1.0 in stool from D2 (per cent loss
{4C]P-sitosterol on D2 = 6.1% + 3.2%, range 3% to
12.5%). On D3 per cent loss of [1*C]B-sitosterol was 0.3%
+ 7.0%.

10.0

7.8

2.5 | I [

0.0 l

2.5 F

% Loss B-sitosterol

-50°F

-10.0 - - ) : *

Study Day

Fig. 1. Mean tstandard deviation percent loss of B-sitosterol relative
to B-sitostanol for participants on days 2-6 of phytosterol absorption
study (Study D). Days 4-6, n = 23; days 2-3. n = 10. Positive "% loss”
indicates greater loss of P-sitosterol than B-sitostanol.




Study I

Study 11 participants were 65 t 8 years of age (range
35-73) and were 52% female; they had BMI of 27 + 4
(range 20-38). These subjects had overall lipids similar
to the previous group with TC 226 £ 39 mg/d! (range
159-290 mg/dl), LDLC 151 + 32 mg/dl (range 85-198
mg/dl), and TG 179 £ 96 mg/dl (range 76-506 mg/dl).

In Study II, cholesterol absorption was compared in
28 individuals using {*H]B-sitostero 1, and, on a different
occasion, [*H]B-sitostanol as nonabsorbable markers for
14C cholesterol absorption. Comparisons are presented
in Table 1 and the correlation between the two estimates
of absorption is illustrated in Fig. 2. Overall, there was
no consistent difference in absorption as measured by
the two methods. Variability was greater in individuals
who absorbed more than 40% of cholesterol, but even
in these patients, cholesterol absorption measured by
the two methods was similar. Three of 23 subjects
showed a statistically significant difference in choles-
terol absorption using P-sitosterol compared to B-sito-

stanol (subjects number 8, 9, and 15). There was no
consistent pattern to these differences. Overall, the
correlation between the two cholesterol absorption
methods on D4-6 was r = 0.76, P < 0.0001. When results
from all available days were used (D2-6), the correlation
was r = 0.83, P < 0.0001. Cholesterol loss on D2 as
estimated from use of B-sitostanol as a nonabsorbable
marker was predictive of absorption using isotope ratios
of B-sitosterol and cholesterol from D4-6 (r = 0.80, P <
0.0001, n = 17). D2 cholesterol loss estimated from use
of B-sitosterol as a nonabsorbable marker correlated less
well with the published method (r = 0.56, P < 0.02, n =
18) as previously suggested (6).

Availability of two highly correlated indices of choles-
terol absorption allowed us to derive a stable estimate
of cholesterol absorption from the 23 individuals. No
association was observed between per cent cholesterol
absorption and age, or plasma TC or LDLC; statistically
significant (negative) associations were found between
cholesterol absorption and BMI (r = -0.46, P < 0.03) and
plasma TG (r = 0.60, P < 0.003).

TABLE 1. Percent cholesterol absorption (mean t SD) by phytosterol marker for individual participants in cholesterol absorption
comparison {Study II)

Subject B-Sitosterol B-Sitostanol P Value*
1 375 3649 0.932
2 3424 2514 0.085
S 5218 599 0.439
4 36%2 3127 0.425
5 2416 275 0.574
6 4210 4119 0.924
7 453 4222 0.317
8 45z 56+5 0.046
9 521 3615 0.039

10 5814 432 0.069
11 5928 62:1 0.159
12 401 4424 0.165
13 5927 6503 0.808
14 4622 4612 0.999
15 7213 5413 0.014
16 45£6 4443 0.844
17 58+9 5928 0.910
18 3612 4224 0.328
19 381 41zl 0.732
20 3618 4315 0.457
21 3415 35:1% 0.925
22 4213 3715 0.259
23 432 4112 0.944
All subjects 45¢11 44110 0.404

“Significance level by Student’s -test.
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Fig. 2. Percent cholesterol absorption {days 4-6) measured twice in
the same 23 individuals using B-sitosterol compared to $-sitostanol as
nonabsorbable marker. Solid line, best fit line (equation: y = 0.729x +
10.832); dashed line, line of identiry.

DISCUSSION

Several methods have been proposed for measuring
cholesterol absorption. The most commonly used of
these at present include the Zilversmit method (3) that
involves simultaneous intravenous and oral administra-
tion of radiolabeled cholesterol (4), the fecal isotope
ratio method that involves single dosing of individuals
with radiolabeled cholesterol and B-sitosterol with com-
plete fecal collections for 7-10 days thereafter (5), and
the continuous oral isotope feeding ratio method that
involves continuous dosing over 7 days with radiola-
beled cholesterol and B-sitosterol and collection of cas-
ual aliquots of stool for analysis (6).

The advantage of the Zilversmit method (3) is its ease
of accomplishment, requiring only sampling of plasma
after administration of isotope for quantification of
cholesterol absorption. The disadvantage of the
method, as well as of the single dose ratio method, is
that it measures only the cholesterol absorption of the
meal with which it is fed. The only method that permits
quantification of cholesterol absorption over several
days and that provides a mean and standard deviation
for cholesterol absorption over that period of time is the
continuous isotope feeding method. This method also
has an advantage over the single dose isotope ratio
method in that casual (not complete) stool collections
adequately quantify cholesterol absorption.

A theoretical limitation of the methods using radiola-
beled P-sitosterol is the potential for its absorption.

Litde is known about the variability of B-sitosterol ab.
sorption in the population. Approximately 5% of B-si.
tosterol is thought to be absorbed (7, 8), but certain
individuals have been identified who absorb up to 30%
of the P-sitosterol in their diets (9). Wide variability
among individuals in absorption of B-sitosterol might
theoretically prevent accurate measurement of choles-
terol absorption. Because only 40-60% of cholesterol is
absorbed, small differences in absorption of the “non-
absorbable” marker could lead to larger differences in
apparent cholesterol absorption. To the extent that
B-sitosterol is absorbed, apparent absorption of choles-
terol would be less than “true” percent absorption.

B-Sitostanol is recognized as a nonabsorbable phy-
tosterol (10) and has been used as a nonabsorbable
marker in one study in which stable isotopes were fed
and fecal collections were obtained (16). The latter
method requires isolation and analysis of individual
sterols and their metabolites from stool. Use of radiola-
beled B-sitostanol as a nonabsorbable marker for choles-
terol absorption is attractive as /) it is not absorbed; and
2) complex analysis of stool is not necessary for its
quantification.

Accordingly, these studies were initiated to compare
B-sitosterol and B-sitostanol with one another for their
utility as nonabsorbable markers for cholesterol absorp-
tion. In Study [ we observed a differential loss of B-si-
tosterol from the stool compared to P-sitostanol on the
first day and extending in some patients to the second
day of administration. By the 3rd to 4th day, the isotope
ratio in the stool was very similar to that fed, suggesting
that in most patients B-sitosterol should be a valid non-
absorbable marker for cholesterol absorption after at
least 4 days of isotope feeding. The mechanism for the
differential loss of B-sitosterol on day 1 is unclear. There
are two possibilities. First, f-sitosterol may exchange
with sterol in mucosal cells to a different extent than
P-sitostanol and may be lost from the lumen through
this mechanism and not appear in the stool until the
second or third day of B-sitosterol feeding. Second,
P-sitosterol may be absorbed and resecreted very rap-
idly. The latter is possible in view of the relatively rapid
turnover of intravenously administered B-sitosterol as
described by Salen, Ahrens, and Grundy (7).

When we quantified absorption of cholesterol
through use of f-sitosterol, and, separately, B-sitostanol
as nonabsorbable markers, we could show no marked
differences between the two isotopes. Although for
most subjects cholesterol absorption estimated by the
two markers was comparable, eleven individuals had
higher apparent absorption with f-sitostanol as the non-
absorbable marker (statistically significant in one indi-
vidual) and five individuals had higher apparent absorp-
tion with PB-sitosterol (statistically significant in two
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individuals). No consistent pattern of difference was
observed between cholesterol absorption measured by
either nonabsorbable marker when comparing results
from days 4-6. Overall, the difference in cholesterol
absorption measured by B-sitosterol and B-sitostanol
(mean %-difference 0.4% t 21.1%) in the present study
was similar to that expected for absorption studies
separated by 1 month using the same nonabsorbable
isotopic marker (2.8% t 14.2% using [*H]B-sitosterol)
(15).

Despite their similar overall results for cholesterol
absorption, apparent differences exist between B-si-
tosterol and B-sitostanol. Cholesterol absorption esti-
mated by isotopic B-sitostanol on day 2 was more reflec-
tive of that measured on days 4-6 than was cholesterol
absorption as estimated by isotopic f-sitosterol itself on
day 2 (r = 0.80 versus 0.56, respectively). This observa-
tion, along with the findings of Study I, confirms the
notion that isotopic P-sitosterol is only valid as a choles-
terol absorption marker after several days of feeding to
allow equilibrium in the intestine (6).

In summary, these data support the continued use of
B-sitosterol as a nonabsorbable marker for cholesterol
absorption. On the other hand it is evident that there
are differences in the metabolism of B-sitosterol and
B-sitostanol, particularly on the first day of feeding, and
uncommon individual patients have previously been
shown to absorb B-sitosterol (9). For this reason, we
believe that it is also valid to use B-sitostanol as a nonab-
sorbable marker for cholesterol absorption 83
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Plant stanol esters from wood and vegetable oil
sources were tested for genotoxicity in bacterial (Sal-
monella typhimurium) and mammalian cell (L5178Y)
gene mutation assays and in a mammalian cell chro-
mosome aberration assay (CHO cells). The two stanol
ester formulations were tested separately at doses up
to the limit of solubility, with and without the addition
of an Aroclor-induced rat liver microsome metabolic
activation system (S9 mix). All tests were performed in
duplicate and gave negative results for both wood and
vegetable oil stanol ester formulations. Thus, plant
stanol esters are not genotoxic under the conditions of
exposure tested. © 1999 Academic Press

INTRODUCTION

Plant stanol esters are fatty acid esters of plant
stanols which are prepared by hydrogenation from nat-
urally occurring plant sterols found in oil extracted
from wood (tall oil) and various vegetable oils. For the
commercial product, plant stanol esters are prepared
by interesterification of plant stanels with the fatty
acids such as canola oil to improve their solubility in
fats. The plant stanols themselves are prepared by
hydrogenation of mixed plant sterols derived from
wood or vegetable oil. The conversion of the plant ste-
rols to the plant stanols reduces their gastrointestinal
absorption to negligible levels and increases their ef-
fectiveness at inhibiting cholesterol absorption (Heine-
mann et al, 1991; Sugano et al, 1977).

Plant stanol fatty acid ester mixtures derived from
wood (tall oil) or vegetable oil have been used in Fin-
land for some years in margarine spread produced by
the Raisio Group to help reduce serum total cholesterol
and LDL cholesterol levels (Miettinen et al., 1995). The
rationale for this use of hydrogenated plant sterol

‘products is that they can contribute to maintenance of

cardiovascular health by reducing cholesterol absorp-

' To whom correspondence should be addressed.

tion from the diet and from bile without themselves
being absorbed or having any undesirable pharmaco-
logical or toxicological effect.

The principal plant stanol esters are mixed fatty acid
esters of the Sa-plant stanols, sitostanol and campes-
tanol. Sitostanol (24-ethylcholestan-3-0l, CAS No.
19466-47-8) is formed by the hydrogenation of the A®-
mono-unsaturated plant sterol, sitosterol (24-ethylcho-
lest-5-en-38-0l, CAS No. 83-46-5), and also by the com-
plete hydrogenation of the A%*.di-unsaturated plant

“ sterol, stigmasterol (24-ethylcholest-5,22-dien-33-0l,

CAS No. 83-48-7), hence the alternative name “stig-
mastanol.” Campestanol (24-methylcholestan-34-0l) is
formed by the hydrogenation of the 4°-mono-unsatur-
ated plant sterol, campesterol (24-methylcholest-5-en-
3p-0l, CAS No. 474-62-4).

The structures of sitostanol, of its immediate precur-
sors sitosterol and stigmasterol, of campestanol, and of
its immediate precursor campesterol are shown in Fig.
I. (The structure of cholesterol, which differs from
campesterocl and sitosterol by the presence of a single
methyl or ethyl group, respectively, is shown for com-
parison.)

As part of a comprehensive safety assessment pro-
gram, the genotoxic potential of plant stanol esters
derived from wood and from vegetable oil were tested
in a battery consisting of an Ames assay in Sa/monella
typhimurium bacteria, a mammalian cell gene muta-
tion assay in L5178Y mouse lymphoma cells, and a
mammalian cell chromosome aberration assay in Chi-
nese hamster ovary (CHO) cells.

MATERIALS AND METHODS

Samples of wood-derived and vegetable oil-derived
plant stanol fatty acid esters, grayish-white waxy sol-
ids, were provided by Raision Tehtaat OY AB, Raisio,
Finland. In each assay, wood-derived plant stanol fatty
acid esters and vegetable oil-derived plant stanol fatty
acid esters were tested separately.
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Sitostanol
FIG. 1.

Ames Assay

The assay was performed using S. typhimurium
strains TA 98, TA 100, TA 1535, and TA 1537 following
the methods of Ames et al. (1975) and Maron and Ames
(1983), in compliance with OECD guideline 471 and
the B.14 guideline of the EEC. Metabolic activation
was provided by an Aroclor-induced rat liver micro-
some fraction (S9 mix). For each of the wood-derived
and vegetable oil-derived plant stanol fatty acid esters,
five different concentrations of stanol ester were
tested, up to the limit of solubility (5000 ug/plate).

L5178Y TK*"~ Assay

The assay was performed in the presence and ab-
sence of an Aroclor-induced rat liver microsome meta-
bolic activation system (S9 mix), in compliance with
EPA Health Effects Testing Guidelines, OECD Guide-
line 476, and the EEC protocol, “Gene Mutation Test—
Mammalian Cells in Vitro™ of Council Directive 87/302/
EEC. The assay system detects forward mutations
(basepair mutations, frameshift mutations, and small

HO

Campestanol

Structure of cholesterol and some plant sterols.

deletions) affecting the thymidine kinase (TK) locus by
selecting for cells resistant to the thymidine analog
trifluorothymidine. L5178Y cells (L5178Y tk™" 3.2.7.c
line) were obtained from Dr. J. Cole, MRC Cell Muta-
tion Unit, University of Sussex, United Kingdom. The
cells were stored as frozen stock cultures in liquid
nitrogen and grown in RPMI 1640 medium, with Hepes
and Glutamax-1, supplemented with heat-inactivated
horse serum [10% (v/v) for culture in flasks; 20% for
growing in microtiter plates] and penicillin/streptomy-
cin. Each new stock culture was checked for myco-
plasma contamination (absent) and karyotype stability
(stable). For testing, fresh cultures were seeded at
about 107 cells/75-cm? culture flask in 50 ml of medium
and grown for 5 to 7 days prior to treatment. On the
day of treatment, growth rate (11 = 2 h) and viability
(>90% by trypan blue exclusion) were tested.
Wood-derived and vegetable oil-derived stanol esters
were tested separately with and without S9 at concen-
trations of 20-500 ug/ml and 250-3000 ug/ml, respec-
tively. The highest test dose was limited by the solu-
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TABLE 1

SalmonellaMicrosome Mutagenicity Test with Wood-Derived and Vegetable Oil-Derived Stanol Esters
[Mutants/Plate; Mean of Three Plates (sd)]

TA 1535 TA 1537 TA 90 TA 100
Dose
(ug/plate) -59 +S9 -S9 +S8 -59 +S9 -S9 +S9
Wood-derived stanol ester
0 17 (4) 143 13 (2) 13(9 28 (5) 40 (2 131 (9) 133 (2)
62 18 (4) 17 (2) 10 (2) 12 (1) 24 (2) 48 (2) 139 (14) 127 (7)
185 16 (6) 17 (3) 9(2) 13 (2) 29 (3) 47 (9) 135 (16) 137 (20)
556 18 (3) 15 (4) 9(3) 19 (0) 24 (5) 42 (2) 122 (7) 145 (7)
1667 15 (2) 15 (4) 8(3) 10 (2) 20 (6) 40(7) 133 (10) 134 (3)
5000 15 (3) 18 (5) 11 (5) 14 (1) 30 (8) 45 (3) 131 (14) 141 {4)
Positive control* 543 (21) 710 (56) 1464 (269) 261 (16) 1111 (18) 1476 (50) 616 (19) 1723 (55)
Vegetable oil-derived stanol ester

0 23 (4) 16 (6) 14 (6) 8(1) 23 (4) 45 (5) 143 (13) 147 (9)
62 20 (0) 21 (2 13(3) 11 (3) 28 (13) 51 (2) 152 (1) 165 (6) .
185 19 (2) 19 (@ 14 (1) 15 (3) 30 (9) 43 (8) 157 (8) 129 (20)
556 26 (3) 20 (8) 13 (4) 12 (%) 33 (8) 41 (10 151 (12) 160 (13)
1667 23 (6) 22 (10) 9(4) 19 (6) 22 (4) 49 (5) 146 (11) 141 (9)
5000 50 (21) 25 (10 19 (4) 20 (5) 30 (6) 49 (6) 127 (8) 137 (11}
Positive control” 501 (48) 642 (22) 1193 (283) 212 (12) 971 (164) 940 (44) 662 (52) 1674 (180)

Note. sd, standard deviation.

* In the absence of S9, the positive controls were sodium azide (1 ug/plate) with TA 1535 and TA 100; 9-aminoacridine (80 ug/plate) with
TA 1537: and 2-nitrofluorene (2 ug/plate) with TA 98. With S9, they were 2-aminoanthracene (2 ug/plate) with TA 1535, TA 98, and TA 100;

and benzo(a)pyrene (4 ug/plate) with TA 1537.

bility of the stanol esters in the culture medium. At
concentrations above 500 ng/ml, the vegetable oil-de-
rived stanol esters were not completely dissolved in the
final medium at the end of treatment, indicating that
500 ug/ml approximated the lowest insoluble concen-
tration. The stanol esters were suspended in DMSO at
60°C (with sonication) at 500 mg/ml or less and further
diluted in DMSO prior to addition to the culture me-
dium (final DMSO concentration, 1%). Exposure was
for 4 h at 37°C. Methyl methane-sulfonate (MMS, 0.2
mM) was used as a positive control without S9, and
3-methylcholanthrene (MCA, 10 ug/ml) was used as a
positive control with S9. At the end of the treatment
period, the cells were washed with medium and ali-
quots were cultured (with 20% horse serum) at 10
cells/ml to determine the initial cloning efficiency. The
remaining cells were cultured for 44 h at 37°C to allow
phenotypic expression of induced mutants. After 20 h,
the cells were counted and diluted, if necessary, to
200,000 cells/mi in culture medium. At the end of the
expression period, aliquots were counted and diluted to
10 cells/ml and transferred to 96-well microtiter plates
(200 wl/well), and cloning efficlency was determined
using the zero term of the Poisson distribution (Cole et
al., 1983). The remaining cells were diluted to 10,000
cells/ml in cloning medium (with 20% horse serum)
containing trifluorothymidine (TFT) at 4 ug/ml to se-
lect for mutants, and 200-ul aliquots were transferred

to each of two 96-well microtiter plates and incubated
at 37°C for 10-14 days. The cloning efficiency in TFT
was also calculated using the zero term of the Poisson
distribution, and the mutant frequency per 1,000,000
clonable cells was calculated (Cole et al., 1983).

CHO Cell Chromosome Aberration Assay

The assay was performed in the presence and absence
of an Aroclor-induced rat liver micrasome metabolic acti-
vation system (S9 mix), in compliance with OECD Guide-
line 473 (Genetic Toxicology: In Vitro Mammalian Cyto-
genetic Test), and the B.10 guideline of EEC Council
Directive 67/548, Seventeenth Amendment, Part B. CHO
K-1 cells, obtained from Professor A. T. Natarajan, Uni-
versity of Leiden, The Netherlands, were stored as frozen
stock cultures (passage 13) in liquid nitrogen and grown
in Ham's F-12 culture medium with Glutamax-1, supple-
mented with heat-inactivated fetal calf serum (10%), pen-
icillin (100 IU/ml), and streptomycin (100 ug/ml). Cells
were cultured for 24 h prior to treatment with the test
compounds.

Stanol esters were separately tested with and without
S9 at concentrations of 125-500 ug/ml (wood-derived sta-
nol esters) and 500-2000 ug/ml (vegetable oil-derived
stanol esters). The highest test dose for each of the stanol
ester formulations was limited by the solubility of the
stanol esters in the culture medium. The stanol esters
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TABLE 2
L5178Y Mouse Lymphoma Mutagenicity Test with Wood-Derived and Vegetable Oil-Derived Stanol Esters
Mutants per
Initial cloning Mutant cloning 10* clonable Large mutant
efficiency Final cloning efficlency efficlency x10° cells colonies (%)
Dose
{(ug/ml) -S9 +S9 -S9 +89 -S9 +S9 -S9 +S9 -59 +59
Wood-derived stanol ester
0* 0.91 0.91 1.06 0.87 88 117 83 135 71 53
20 0.74 0.81 0.88 1.02 120 147 136 145 - -
80 0.98 0.96 0.90 0.90 79 162 88 180 —_ —
160 0.75 0.84 1.00 111 117 120 117 109 — —
320 0.85 0.84 0.90 1.06 130 137 145 129 — -
400 0.82 0.81 0.74 0.81 127 172 172 213 42 45
500 0.96 0.85 1.13 0.88 70 114 62 129 60 46
Positive control® 0.53 0.85 0.41 0.59 180 432 435 731 24 46
Vegetable oil-derived stanol ester

0" 0.81/0.81 0.91/0.77 0.73/0.93 0.82/0.82 61/46 61/82 84/50 74/99 17/50 44/28
250 0.87 0.79 0.85 0.85 41 85 43 100 - -—
500 0.76 0.72 0.77 0.76 49 88 64 116 — —_
1000 0.81 0.84 0.95 091 55 107 58 117 —_ —
2000 0.85 081 1.08 1.02 67 82 62 80 - —
3000 0.70 0.67 1.06 0.96 46 94 44 98 — —
Positive control’ 0.42 0.53 0.40 0.61 130 302 329 497 30 31

* Results are shown for the solvent control (1% DMSO:; culture medium control gave similar results, not shown). Duplicate solvent control
cultures were used with vegetable oil-derived stanol ester; results are shown for both, separated by /.
® Methyl methanesulfonate (0.2 mM) without S9; 3-methylcholanthrene (10 ug/ml) with S9.

were suspended in DMSO at 62°C (with sonication) at
500 mg/ml or less and further diluted in DMSO prior to
addition to the culture medium (final DMSO concentra-
tion, 1%). Exposure to the test substances was for 18 or
32 h at 37°C without S9 and 3 h with S9. In both cases,
cells were harvested 18 and 32 h after the start of treat-
ment. Mytomycin C (0.025 ug/ml) was used as a positive
control without S9, and cyclophosphamide (3.75 ug/ml)
was used as a positive control with S9 (harvest was at
18 h only with the positive control substances). Two
hours before harvest time, colcemid (0.1 ug/ml) was
added to arrest cells in metaphase. The cells were then
harvested by trypsinization, treated for 15 min at 37°C
with hypotonic solution (1% sodium citrate), fixed with
3:1 methanol:acetic acid, transferred to clean glass slides
(two per culture), stained with 2% Giemsa, rinsed, dried,
embedded with a Tissue-TEK coverslip, coded, and
scored “blind.” At least 1000 nuclei from each culture
(500/slide) were examined to determine the mitotic index.
For each treatment, 200 well-spread metaphases were
analyzed for aberrations.

RESULTS

Ames Assay

Neither of the plant stanol ester preparations was
toxic to the cells at any concentration tested, with or

without metabolic activation, as indicated by the ab-
sence of a decrease in the number of mutants per plate.
At the highest dose (5000 ug/plate), however, a precip-
itate was seen in all plates indicating the limit of test
substance solubility. Table | shows the results of one of
the two duplicate assays performed with each stanol
ester preparation (the second assay gave similar re-
sults, not shown). No evidence of a significant, dose-
related increase in mutant frequency was seen with
either plant stanol ester preparation in any strain,
with or without metabolic activation. The positive con-
trol substances gave the expected increase in revertant
number [in one trial, a less than expected number of
revertants was seen in strain TA 1537 with the positive
control substance (benzo(a)pyrene) with S9; this por-
tion of the trial was repeated and the expected re-
sponse was seen with the positive control, but no in-
crease in mutant number was seen with the test
substance, data not shown].

L5178Y TK*~ Assay

Neither of the stanol ester preparations was toxic to
the cells at any concentration tested, with or without
metabolic activation, as indicated by the absence of a
reduction in the relative initial cell yield and cloning
efficiency. At the highest concentrations of wood-de-
rived (500 xg/ml) and vegetable oil-derived (3000 ug/



