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INTRODUCTION
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
HsdCpbWU WMar rats at concentrations thatprovided
O, 1, 2.5, and 5% total stanols (equivalent to O, 1.75, 4.W
and 8.76% plant stanol e-stem). 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 Oto 21 of gestation.
No compound-related toxicity or clinical effects were
seen in any of the treated groups. No statistically signM-
icant differences we= 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 highdoae group maybe 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 stadst.ically signifkant de-
crease seen only in the O- to 7-chsy gestadon period In the
high-dose group. No significant effects were seen on food
consumption in terms of ghatfday, but a slighG stadsti-
cally significant increase was seen in the middoee group
during gestation days 7-14. A signifkant increase was
seen in the high-dose group during the 7. to 21day pe-
riod of gestation. Reproductive performance was not
affected by the treatment There were no statistically
sign~cant d~erences in uterine weight, placental
weigh~ fetal weigh~ number of fetuses, number of im-
plantation sites, number of corpora hstea end eariyflate
resorption between the treated and con&ol groups. In
addition, there was no biologically measdngfd effect on
fetal sex ratio. Visceral and skeIetal FXiUSShtiOM dld
not ahow any significant increases in the incidence of
malformations, anomalies, or varlat.iom that were con-
sidered to be treatment related. Diet.my plant (8.76%
plant stanol esters) stanol estem at concentrations up to
5% totaI stands were concluded to have no adverse ef-
f~ on reproduction or development. o MS ~ m
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Stanols are prepared from the hydrogenation of nat-
urally occuning, mixed plant sterols that are found in wood
(tall oil) and various vegetable oils. The conversion of the
sterois to the corresponding stanols reduces their gastm
intestinal absorption to negligible levels and increases
their effectiveness at inhibiting cholesterol absorption
(Heinemann etal, 1991). For use in the commercial prod-
uct, stanol esters are prepared by interesterificatton of
stanols with the faq acids of vegetable oils such as
canola oil to improve their volubility 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
acid esters of the 5aLstanols, sitostanol and carnpestanol,
Sitostanol (24-ethylcholestan-3+1, CAS No. 19466-47-8)
is formed by the hydrogenation of the As-moncwnsatur-
ated plant steml, sitostercd (24-ethylcholest-5-en-3&d,
CAS No. 83-46-5), and also by the complete hydrogena-
tion of the A5’2z-di-unsaturated plant sterol, stigrnasterd
(24-ethylcholest-5,22-dien-3&l, CAS No. 83-48-7), hence
the alternative name “stigmastanol.” Campestanol (24-
methylcholestan-3@l) is formed by the hydrogenation of
the A5-mono-unsaturated plant sterol, campesterol (24-
methylcholest-5+m-3@l, 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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FIG. 1. Structure ofcholesterol andsome plant sterols.

There is growing interest in utilization of plant-de-
rived sterols andstanols tohelpreduce 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 mgkg body wt tall oil-derived sterols that
contained 21% of the saturated sterol sitostanol (Jones
et d, 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 sterolkanol mixtures versus the placebo
group. Sitostanol levels were essentially undetectable
in plasma, indicating that there is a low potential for
absorption of plant stands. A review of the physiological
effects of plant sterols in human diets by J- et al. (1997)
concluded that plant Sterds inhibit the absorption of c&
lesterol. However, there was a greater reductton 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., sitosteml or

.-% campesterol). Results from a paraUel, doubleblind study
with 55 hypercholesterolernic subjects by Hallikdnen

and Uusittma 0999) COdiTIRd the cholesterol-lowering
effects noted by Jones et al (1998) in dietary studies wifi
margarine fortified with plant stand 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 fium 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-forltified marga-
rine are effective cholesterol-lowering products that pw
duce clinically significant reductions trt 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,

‘MATERIALSAND METHODS

Animals

Male and virgin female SPF Wistar outbred rats (l-M/
CpbWU) 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
222 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 fibitwn 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 Set-vices, 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 kcallg. The diets con-
tained O, 1, 2.5, or 5% total stanols (corresponding to O,
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

n 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 1 summarizes the nutrient con-
tent of the diets used during the study.

The test substance was a grayish-white waxy solid
consisting of stanol fatly acid esters derived from veg-
etable oil precursors obtained from RaMon Tehaat OY
AB, Raisio, Finland. The sample identified as Sito-70
stanol ester contained 57.08% total stanols/100 g fat
(68% sitastanol, 30% campestanol, 2% unsaturated ste-
rol), 41,96% fat~ acids, and 2% unsaturated sterols
and unknowns, Approximately 93.4% of the esterilled
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 42-4,9%
Ash 6.4-6.8%
Calcium 0.95-1 .02%
Phosphorus 0.77-0.80%
sodium 0.29-0.31%
Chloride 0.47-0.56%
Potassium 0.71-0.80%
Magnesium 0.22-0.23%
Iron 145-184 mgkg
Copper 15-19 mgkg
Manganese 68-70 mgkg
zinc 60-68 mgkg
Vitamin A 9.8-16.3 m~g
Vitamin E 55-109 m#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 O and
females were housed indhdduaily 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 dM-ib-
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 O 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 O, 7, 14, and 21 of gestation, The quantity of
food consumed by each animal was measured during
gestation days O-7, 7-14, and 14-21. Rats were sacri-
ficed on day 21 of gestation following ether anesthesia
and examhed fm gross abmmnalitks. The uteri and ova-
riesofallfemales wereexamhwd for the number of corporal
Iutea, number of implantation sites, number of early and
late resorption, 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 ovaries, uteri containing the placentas and
fetuses, uteri empty, fetuses, and placentas.

Each fetus was examined for external anomalles 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) o 1 (1.75) 2.5 (4,38) 5 (8.76)

!$umber of pregnant rats 25 28 26 25 (249
Mean body weight (g)
Day

o 247.56 z 2,45 246.07 t 1.91 245.28 z 2.06 240.97 = 1.94b
7 279.26 z 2.70 277.71 z 2.01 275.92 t 2.28 270.07 z 2.63*
14 310.07 ? 2.77 309.03 z 2.20 306.45 ? 2,35 300.30 x 3,08”
21 330.83 t 3.04 331,08 z 2.90 327.05 z 3.32 322.82 z 4.01

Mean body weight gain @
Days

o-7 31.7ot 1.31 31,6520.94 30.65 z 1,07 27.71 z 1.12&”
7-14 30.81 f 1.36 31.32 = 0.66 30.52 z 0,92 30.23 z 0.91
14-21 20.76 ? 1.55 22.05 * 1.86 20,61 I 1.82 22.52 z 2.80

Mean food Intake (g/kg body wtiday)
Days

o-7 69.48 z 0.94 69.39 z 0.84 70.92 t 0.91 70.42 z 0.80’
7-14 66.17 z 0.74 67.62 t 0.67 69,20 * 0.87” 71.14 % 0.77**
14-21 43.64 z 0.91 44.66 ? 1,05 45.72 ? 1.10 48.42 z 1,67*

Test substance intake (g totaf
stsnok’kg body @day)C

Days
o-7 — 0.7 (1.2)’ 1.8 (3.1) 3.5 (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)

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

.—_ ‘ Values In mrentheses are for intake exmessed as R stanoi ester DruductikR bodv wtfdav.
“. .

● P< 0.05,’”” P< 0.001.

other half of the fetusesilitter 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 lutes, implantations, live and dead fetuses, and
early and late resorption were evaluated by Kruskal-
Wailis 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 wei@ts and body weight gain of pregnant
females during gestation were not 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 O-7 for the
high-dose group (Table 2).

Food consumption (expresed as g/ardrnal/day) showed
no significant cWTerences horn controis. 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 stanoldkg body
wt/day showed no remarkable 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 O-21 of Gestation

Dietary percentage of plant stanols (% stanol esters)
.—

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

Females Mated 28 28 28 28
Delivered prematurely (rI) o 0 0 0

Pregnant at necropsy (n) 25 28 26 25
With llve fetuses (n) 25 28 26 25
With no viable fetuses o 0 0 0

Corpora Iutea (rirat)’ 14.28 z 0.35 14.14 z 0.32 13.73 t 0.34 13.36 z 0,29
Implantation sites (n’rat)’ 13.36 = 0.37 13.11 =0.42 12.65 = 0.35 12.28 z 0,50
Preimplantation loss (?#rat)” 6.29 ~ 1.62 7.57 t 1.73 7.71 ? 1.58 8.40 z 3.14
Live fetuses (n’rat)’ 13.04 = 0.36 12.75 ? 0.46 12.35 z 0.36 12.12 x 0.51
Postimpisntatlon loss (’?drat)”’ 2.21 t 0.97 2.83 z 1.39 2.56 z 0.80 1.30 t 0.91
Dead fetuses (rirat) o 0 0
Resorption total (drat) ● 0.32 = 0.14 0.36 z 0.19 0.3?= 0.09 0.16=0,11
Resorption early (rirat)’ 0.32 t 0.14 0.32 = 0.19 0.31 t 0.09 0.1620,11
Resorption late (n)’ 0.00 0.0420.04 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 Q)’ 76.95 z 1.72 75,29 ? 2.05 73.40 z 1.77 71.92 t 2.31
Empty uterus (g)’ 5.12 t 0.16 4.91 t 0.15 4.85 z 0.14 4.81 * 0.14
Ovsrles (g)’ 0.11 = 0.006 0.11 t 0.004 0.11 t 0.004 0.11 t 0.004
Placenta weight All fetuses (g)’ 0.5420.01 0.53 t 0.01 0,5620.01 0.55 t 0,01
Body weight of viable fetuses (g)’ 4.29 ? 006 4.33 z 0.08 4.37 z 0.07

Male fetuses (8)’
4.34 ? 0,09

4.38 z 0.06 4.43 z 0.09 4.49 z 0.07 4.45 t 0.10
Ferns.ie fetuses (g)’ 4.18 z 0.06 4.24 ? 0.08 4.26 z 0.07 4.21 t 0.08

‘ Values are means z SE.
.~.

bPreimplantation lass = [number of corpora lutes - number of implantations sites)/number of corpora lutes] X 100.
cPostlmplantation 10ss = [number of implantation site - number of live fetuses)/ number of tmplarrtstion 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 caesa.rian 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 Pedormance

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
lutes, number of implantations, number of live and
dead fetuses, and number of early and late resorpt.ions
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 O-21 of Gestation

Dietary percentage of plant stanols (% stanol esters)

Parameter’ o 1 (1.75) 2.5 (438) 5 (8.76)

Fetuses (litters) examined

—...,—

157 (25) 170 (28) 152 (26) 146 (25)
Malformations total 4 (2) o (o) o (o)

Brain: hydrocephaly
o

1 (1)
(o)

o (o) o (o)
Kidneys: hydronephrosis

o
3 (1)

(o)
o (o) o (o) o (o)

Anomalies total 30 (13) 28 (12) 7.** (5)* 8**4 (5)*
Dilated esophagus o (o) o (o) o (o) 1 (1)
Dilated urin~ bladder 24 (10) ?: [;;) 4*** (3)*

Ureters, hydmureter 10 (5)
6** (4)

3
Variations total

(2)
26 (14)

2* (2)
32 (16) 23

Stomach distended
(11) 15 (8)

1 (1) o (o) o (o) o (o)
Stomach with hemorrhagic fluid 9 (6) 6 (4) 7 (5) 7 (5)
Kidney: Increased renal pelvic cavitation 13 (8) 20(11) 12 5
Ureters: Bent 6 (5)

(4)
10 (6) 12 II 4 (4)

● Values are incidence 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 obsmwed in the control or
higher dose groups. No significant increases in skeletal
anomalies were observed in the stanol-ester-treated
groups. Skeletal anomalies were obsetved 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

Dietsuy percentage of plant stanoki
(% stsnol esters)

Parameter’ o 1 (1.75) 2.5 (4 38) 5 (8.76)

Fetuses (litters) examined 169 (25) 187 (28)
Skeletal malformations:

Total o (o) 3 (2)
Ribs Missing o (o) 3 (2)

Skeletal anomalies: Total 1 (1) 3 (2)
Ribs

Two or more ribs
wavy o (o) 1 (1)

Two or more reduced
in size o (o) 1 (1)

Stemebrae separated 1 (1) 1 (1)
Skeletal variations: Total 41 (18) 58 (23)

f?lhs: ACCeSSOrylumbar
ribs 2 (1) 9 (6)

Stemebrae
Irregular shape of one 12 (10) 17 (12)
Irregular shapa of two

or more 27 (13) 37 (19)
One supernumerary 1 (1) o (o)

“ Valuss are incidence in fetuses (litters).

169 (26) 157 (25)

o (o) o (o)
o (o) o (o)
o (o) o (o)

o (o) o (o)

o (o) o (o)
o (o) o (o)

51 (21) 43 (21)

6 (5) 7 (5)

16 (13) 18 (12)

27 (14) 19 (12)
5 (1) 1 (1)
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legs. The low-dose group had a reduced incidence of
fetuses with an incompletely ossified interparietalis

.–e-= and incidence of five to eight proximal phalanges on
the hind legs but an increased incidence of incom-
pletely ossified O-2 metatarsal. 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 O-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 O- to 7-day and
7- to 14-day period and in body weight gains during
O-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

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 stariol fatty acid
esters. This diet provided up to 5% of total dietary
stanols equivalent to 2.4-3.5 g stanols/kg body wdday.
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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BIOLOGICAL ACTIVITIES OF OXYSTEROLS
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Abstract—Literature dealing with the biological activities of cholesterol autoxidation products and related oxy-
sterols in vivo and m vitro published since the previous 1981 monograph is reviewed. Although several oxysterols
are important cholesterol metabolizes 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 produc!s, Cholesterol autoxidation, Biological acuons. Biological
activities, Oxidized sterols
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INTRODUCTION *I a

The current focus on biologically active oxygen species
and associated radicals k of crucial importance 10 un-
derstanding of life processes in an imposing oxygen a
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 1~

on tissue unsaturated lipids, specifically on cholesterol
(cholest-5-en-3 &ol, I). The metabolic disposition and biological activities of product oxidized sterols, the

oxysterols, are presently of concern with respect to

human health matters. Related interest in biological
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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-3 @-ol), Ianosterol (5a-
lanosta-8,24-dien-3 &ol), 24-alkylsterols, etc. are also
oxidizied to biologically active oxysterols, although
much less is known about these.

28S
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Oxysterols are uniformly toxic in a wide variety of
in VIVOtests and in vitro bioassays. These matters were
reviewer.i 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 inadvenantly not treated
therein. [t 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 Czl-steroids. Accordingly,
horrnonally active cholesterol autoxidation products
such as deh ydroepiandrosterone are not reviewed here.
Oxysterols receiving the greatest attention are those
readily available commercially: choiest-5-ene-313 ,7u-
dioi (7a-hydroxycholesteroI, 2), cholest-5-ene-3 (3,7(3-

H. JOHNSON

diol (7@-hydroxycholesterol, J ), 3@-hydroxycholest-
5-en-7-one (7-ketocholesterol, 4), 5,6a-epoxy -5u-
cholestan-3&ol (cholesterol 5a,6cx-epoxide, 5 ), 5a-

cholestane-3~,5,6 /3-triol 6), and cholest-5-ene-3 @,25-
diol (25-hydroxycholesterol, 7). Also 5,6(3-epoxy-
5&choiestan-3&ol (cholesterol 5(3,6(3-epoxide, 8),
cholcst-4-en-3-one (9), (20S)-cholest-5-ene-3 ~,20-
diol (20-hydroxycholesterol, 10), (25 R)-choIest-5-ene-
3P ,26-diol (26-hydroxycholesteroi, 11), 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 concern over

a
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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 ak.o question about whether
effects be those of the parent sterol or of traces of
highly active oxysterol inadvertently 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, (choiecalciferol,
(5Z,7E)- 9, 10-secocholesta- 5,7, 10( 19)- trien-3&ol)
also highly susceptible to autoxidations, where Vita-
min D] preparations stabilized against oxidation dur-
ing manufacture retain greater potency and associated
toxicity!s

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
oxyterols? Are oxysrerois 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 foods2b-’0 and at similar levels in freshly drawn
human blood;”-’5 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 5 ,6-epoxides

.-—.. 5 and 8 and of the 3~,5a,6f3-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-
OISfrom cholesterol exposed to ground-state (triplet)
dioxygen (’Oz) of the air, oxidized sterols are also
formed from cholesterol exposed to other active oxy-
gen species, including electronically excited (singlet)
dioxygen (’01), peroxide (02-, HOO-, HIOZ), hy -
droxyl radical (HO.), dioxygen cation (Oz ‘), and
ozone (OJ. Of the well-known active oxygen species,
only superoxide (Oz’, HOO) fails to oxidize choles-
terol. 18-20Other environmental oxidants also react with
tissue cholesterol; for instance, atmospheric N02 forms
cholesterol 3&nitrite and 5 ,6-epoxides 5 and 8 in ex-
posed skin or lung tissues. *’-24

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

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 .z’-~
Some absorption of (25 R)-3@,26-diol 11 3~,26-disul-
fate administered per os in human neonates is also
indicated.’s

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 3~,5~,6(3-triol 6 metabolize

—
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is more toxic, The 5a,6a-epoxide 5 fed rats is also
–-= metabolized to bile acids, presumably benignly,:s

The cholesterol metabolizes 3~,7a-dioi 2, 3@,25-
diol 7, and 3(3,26-diol 11 implicated in hepatic
biosynthesis of bile acids, the 3(3,20-diol /0 and (22 R)-
cholest-5-ene-3 ~,22-diol implicated in steroid hor-
mone biosynthesis, the enone 9 implicated in choles-
terol reduction to stanols, and (24 S)-cholest-5-ene-
3@,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 j7ucruate with diet or health state?

The matter of fluctuating levels of plasma oxysterois
is as yet uncertain, but differences between plasma
levels of the 3~,26-diol 1/ in younger people versus
older patients with cardiovascular diseasex and be-
tween levels of the 3@,7-diols 2 and 3 and the 313,26-
diol /f in normals versus patients with cerebrotendi-
nous xanthomatosis~7-’9 suggest such possibility. High
levels of the 5a,6a-epoxide 5 in blood of hypercho-
Iesterolemic 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
revealing. 12-15,27,29,33.34.41

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 3f3,26-diol I) and of fatty acyi
esters of 24-, 25-, and 26-hydroxychole sterols in the
human aorta with increasing age and severity of as-

“ 42 and the increase in (24 S)-sociated atherosclerosis
cholest-5-ene-3 ~,24-diol levels of rat brain following
myelinization43 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 5~,6&epoxide 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 to 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 uncertainties 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 metabolizes of cholesterol
implicated in established biosynthesis processes for the
cholestanols (3-ketone 9), bile acids (3~,7a-diol 2,
3f3,26-diol 11), and steroid hormones (3~,20-diol /0,
(22 R)-cholest-5-ene-3 ~,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 5a ,6a-epoxide 5 in most cases in-
volves use of commercially available material known
to contain as much as 10-15% 5f3,6&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 5~,6@epox-
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ide 8 is also mutagen ic, ti47 so [he 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. ig

Some of the prior conflicting and confusing tests of
the 5a,6a-epoxtde 5 may have come from use of im-
pure samples. For instance, the inhibition of DNA syn-
thesis by impure 5a.6ct-epoxide 5 in cultured Syrian
hamster embryo ceils could not be demonstrated with
pure samples, whether with or without the liver mi-
crosomal S-9 enzymes activation system .4950 How-
ever, inhibition of DNA synthesis in Chinese hamster
V79 lung fibroblasts by either 5,6-epoxide 5 or 8 has
since been demonstrated .ti~’ Furthermore, we have ex-
perienced the same wasted effort by testing commercial
samples of cholest-4-ene-3,6 -dione and 3(3,5-dihy -
droxy-5cc-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 .52s3

Obviously aged samples of stigmasterol containing
--- progesterone as an autoxidation productw 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 .41~s-~a

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-hydroperoxidc and
3@hydroxy-5a-cholest-6-ene-5-hydroperoxide are
metabolized by Salmonella ryphimurium TA 1537 em-
ployed in bioassay for mutagenicity.wa The vitamin D3
peroxides active in inducing differentiation of human
myeloid leukemia HL.-6Ocells also are metabolized by
the cultured cells, in this case to the active agents .61’62
The immunosuppresion activity of cholesterol 25-hydro-
peroxide against cultured mouse spleen cells might also
be attributed to its reduction product 3f3,25-diol 7 equally
active in the test.”

In other cases genuine biological activity of steroid
.——= hydroperoxides (and not of the comesponding reduced

derivative) appears the case. For instance, cholesterol

25-hydroperoxide but not the 3~,25-diol 7 appears to
inhibit the action of calmodulin.ti Also, kinetics data
showing that the human placental aromatase (cyto-
chrome P450ARo~) inhibitor !O(3-hydroperoxy estr-4-
ene-3, 17-dione binds five-fold greater than the corre-
sponding 10&hydroxyestr-4 -ene-3, 17-dione suggests
that the 10&hydroperoxide be the reactive agent oxi-
dizing the active site sulfhydryl group of the enzyme.b5
Other steroid hydroperoxides 6a- anti 6~-hydroper-
oxyandrost-4-ene-3, 17-diones~ and 17a-ethinyl- 10~-
hydroperoxy -17~-hydrox yestr-4-en-3-ones’ also are
active aromatase inhibitors in the same fashion. More-
over, 10&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. W@

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 3P ,5a ,5(3-triol
6 during bioassay. “’ As the 5P ,6&epoxide 8 appears
to be more mutagenic than 5a ,6a-epoxide 5 and
3~,5a,6@iol 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 3~-hydroxy-5a-choiest-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 12 to choles-
terol by other systems. ‘0 However, in other cases cul-
tured mammalian cells do metabolize exogenous
oxysterols to biologically active products !’).’z

[n 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 cells 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. A single though impressive report that oxysterols
be no more atherogenic than cholesterol in vivo has
initiated controversy on this point.

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

4, An hypothesis that endogenous intracellular oxy -
sterois such as the 3(3,25-diol 7 or 24,25 -epoxy -(24S)-
cholest-5-en-3&ol (desmosterol 24,25 -epoxide, /3)
be endogenous regulators of de novo sterol biosyn-
thesis has gained additional experimental attention,

&
H
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These four developments and our recent demon-
stration that active oxygen species be implicated in the
expression of toxic effects of stcrol 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-
(22 E)-ergosta-6,22 -dien-3P-ol), 3P,7~-diol 3, 7-ke-
tone 4, 3(3,20-diol /0, 3(3,25-diol 7, and 15-ketone
/2), the killing of silkworm (30mbyx mori larvae may
not be so much a toxic effect as starvation resulting
from failure of the larvae to metabolize oxysteroI.
When fed 0,0170 oxysterol with O. 1’70cholesterol 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 D2 (ergocalciferol, (5Z,7E,22E)-9, 10-
secoergosta-5,7,22 -trien-3&ol), ergosterol ((22 E)-er-
gosta-5,7,22-trien-3 &ol), and cholesta-5,7-dien-3 (3-
01, all more readily autoxidized than cholesterol, exert
a prooxidative effect on polyunsaturated fatty acyl es-
ters, whereas cholesterol produced no such prooxida-
~lve ~ffect. 74 Indeed, cholesterol MaY ~ Protective

against peroxidant stresses in vivo.’~’s

[n 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 3~,5a,6@
tnol 6, 3~,25-diol 7, or 3@,26-diol 11 in rats led to
necrosis and an acute inflammatory response;% ‘mrec-
tal instillation of 3-ketone 9 or 5a-cholestan-3-one in
mice generated nuclear aberrations in the colon mu-
cosa. ‘0’ Ergosterol peroxide inuncted onto chick em-
bryos is toxic, and when added to water is toxic to
brine shrimp. ‘m P!asma 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. 103

Oxysterols have proven toxic to microorganisms.
Cholesterol 7ct-hydroperoxide, 3&hydroxy-5a-cho-
lest-6-ene-5-hydroperoxide, and the 3P,25-diol 7 are
bactericidal to Salmonella typhimuriums’ S9 and the
3~,5a,6fHriol 6 and 3(3-hydroxy-5a-cholestan-6-one
inhibit growth of Mycoplasma gallisepticum. ‘O’Ad-
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.—. Table 1. [n Vivo Effects of Dietary Oxystemls

Oxysteml in Vivo Effecs Reference

Cholesterol
7a-hydropcroxlde,
0.2% m diet

Cholest-5-erre-3 ~-,7a-diol 2
3,7-dihcm]succmate

Cholest-5-enc-3f3 ,7~-diol 1
3,7dihemisuccinate

3~-Hydmxycholest- 5-en-7-one 4,
0.025% m diet

S,6a-Epoxy-5a-
cholesran-3(3-ol 5

5a-Cholestane-3 @,5,6~-tiol 6,
I‘% in diet

5p-Cholestane-3 a,5,6a-triol*
Choles[-L.m-3-one 9,

1% in diet
3.5 months

Cholest-4-ers-3-one 9,
1% in diet

5.613-Epmxy-513-cholest-
7*n-3@l

Commercial cholesterol.
contilng oxysterols
200 mg(kg 6 weeks

Mixed oxysterols,
0.5% in diet

Mixed oxysremls,
0.5% in diet

_- 13-14 weeks
Mixed oxystcrols.

1% indict
3 weeks

( 17(20)Z)-ctSOlesm-5, ]7(2Cr).
dien-3~-ol,
0.25% its diet 26 h

3~-Hydroxy-5a-cholest-
8(14)-cn-15ate (/2)

313-Hydmxy-5cs-lanost-
8-en-7.orse,
O.l%irtdict

3f3-Bcm20yloxy-5a-stigrttaStarW-
5,6~diol,
680 mglkg orafly

Supports inductton of cytochrome P450 enzymes m male albino rats (but no
more than cholesterol)

Toxic in Swiss mice, LDW 0.3 mmole/kg

Toxic m mice, LDW 0.17 mmolelkg

Decreased HMGCOA reductasc in laying hens

[ncre~d bile acids excretion; no effect on de novo steml biosynthesis

Lms of appetite in B6C3FI mice

Depressed food intake in gerbils but not in chicks
Retarded growth, enlarged adrenals, m male Wistar rats; growth retardation

and hyperplastic ovaries m female W’ktar rats; other effects

Lipoid adrenal hypcrplasia in male Wtstar rats
Male Sprague-Dawley rats. adrenal hypertrophy, depressed cotiicosterone

production
Toxic in ICB mice. IDM ca. 140 mglkg

Increased blood cholesterol levels in Chinchilla rabbits

&creased HMGCOA reductase in laying hens; no effect on body weight or
egg production and weight; reduced acetate incorporation into yolk sterol

Lethal to chicks (6/ 16) and to young quail (5/17)

Reducedfeed consumption,weight, and scmm chdesteml in fem~c quail;
reduced serum cholesterol in mate quail

Decreased appetite and diminished de novo steml biosynthesis in male C57BL/
6J mice

Loss of appetite, weight 10ssin rata

Lowered semm cholesterol and rnacyiglycerols in male Wistar rats

Minor reduction in hemoglobin, simple chmmoaomak aberrations in Swiss
albino mice

77

78

79

80-81

28

82

83, 84
85

86
87

W

89

80, 90, 91

92

93

94

95

%

97

“T?teoxysterol implicated is atmoaIce~inty the 3~,Ja,ei@iol 6.

ditionally, 21-nor-( 20~)-cholcst-5-ene-3 f3,20-dioI and
3&hydroxy-21 -norcholest-20-one inhibit the A2~-de-
hydrogenase of Tetrahymena pyrijormis ‘Osand (25&-
26-norcholest-5-ene-3 @,23-diol and 3&hydroxy-26-
norcholest-5-en-25 -one inhibit growth of the Saccha-
romyces cerevisiae auxotroph RD5-R. ‘w

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, 11sso 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 reductasc 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. ‘w’1s”2’

. .
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Table 2 [n Vitro Cyto(oxIc Effccls of Oxysterols

Oxyslerol [n Vitro Results Reference

5,6a-Epoxy -5a-cholestan-3 B-ol 5

5.6~-Epoxy-5~-choles[an-3~-ol 8

3$- Hycfroxy-24-ethy l-(24<)-
cholesta-5, 28-d iene-24-
hydroperoxide

3@-Hydroxy-24-ethy lcholesta-5,23-
dienc-28-hydroperoxide

3P-H ydraxy-24-ethylcholesta-
5,24( 28)-diene-29-hydroperaxide

5,8- Epidioxy-5a,8a-( 22E)-ergosta-
6.22 -dien-3~-ol (ergosteml
peroxide)

5,8- Epidioxy-5a,8a-
cholest-6-en-3 ~ -01

5,8-Epidioxy-6~,7 ~-epoxy -5a,8a-
cholesran- 3~-ol

5a-Chokstane-3~,6 f3-diol
Cholest-5-ene-3fJ ,7cs-diol 2

Cholest-5-ene-3 @,7@iiol J

(~(Js).chokq.5-3~ ,Zl)-dioi /()

(22R)-Cholest-5 -3 fJ.22-diol

(24 R)-Cholest-5-ene-3 ~,24-diol
(24S)-Cholest-5 -ene-3~ ,244ioi

Choiest-5-cne-3~ ,2S-diol 7

3@-Hydroxy-5a-cholestart-6-ow

3~-Hydroxycholest-5 -en-7* 4

_—-
Cholestx-3 ,5dien-7-one
3~-Hydroxy-5a-cholestan-7-one
3@Hydmxycholest-5-en-22a

Chmest hamster embryo cells, plaring efficiency decreased”
Chinese hamster W9 lung tlbroblasts. cyIotoxIc at 20- ?5 AM
Syrian hamster embryo cells, IOXIC.TDW 10 ~g/mL
Rat Moms hepaioma HTC cells, moderate inhibition of growth
C3H- IOTI /2 mouse embryo cells, toxic. at 20 gM
Mouse L cells, cyto[oxic, reduced protein levels
Chinese hamster V79 lung fibroblasts. toxic at 20 PM
Rat Moms hepatoma HTC cells, mcderate inhibirian of growth
C3H- IOTI /2 mouse embryo cells, IOXICat 20 ~M
Mouse L cells, cy[otoxlc, lipid droplet accumulauons
Munne leukemia L1210 cells, [oxic, lDW 2 pg~ mL

,Murine leukemia L1210 cells, toxic. lDW 4 gg/mL

Murine leukemia L1210 cells, toxic, IDm 4 jcg/mL

Mouse Iymphcmia L-1210/v/c cells, toxic, ICw 3.5 pg/mL

Mouse Iymphemia L-1210/v/c cells, toxic, LDWI I.7 ~g/mL
Human epldermold carcinoma KB cells, toxic, LDW 12.3 pg/mL
Mouw Iymphemia L-1210/v/c cells, toxic, LDW 3.5 #g/r-nL

Rat Morris hepatoma HTCcells,moderateinhibitionof growth
Chinesehamsterembryo cells, relative plating eftlciency decreased
Rat Monis hepatoma HTC cells, rnodesate inhibition of growth
Mouse L cells, cflotoxic. reduced protein levels. lipid droplet accumulations
Chinese hamster embryo cells. relative plating efficiency decreased
RatMorrishepatomaHTC cells, Iysis by 24 h at 20 jsM. Iysis by 72 h at 10

AM
Murine Iymphoma EL-4, YAC- 1, RDM4 cells, toxic at 3-12 PM
Rat fibmblasts. toxicity
Rat myccardial cells, synchronous beating impaired by 2.5 AM
Mouse L cells, cytasoxic, reduced protein levels, lipid droplet accumulations
Bovine platelets. tlrrombin-induced aggregation increased 15i % by 25 ~M
Human marrow mononuclear cells, proliferation inhibited, IDm <0.50PM
Bovine platelets, thmmbm-induced aggregation increased 162% by 25 PM
Bovine platelets, thrombin-mduced aggregation increased 189% by 25 PM
Rat Moms hepa!oma HTCcells,Iysis by 48 h at 40 gM; Iysis by 72 h at 20

/IM
Bovine platelets, thrombin-induced a~regation increased 182% by 25 PM
Bovine platelets, thrombin-induced aggregation increased 229% by 25 HM
Rat Morris hepatoma HTC cells, moderate inhibition of growth
Human skin fibroblasts, steral biosynthesis inhibited 95% by 1.25 KM;

cytotoxlc at 20 gglmL
Human artery smooth musck cells, cytotoxic at 20 #g/mL
Preconfluent keratinocytes, steral biosynthesis inhibited 84% by I 25 PM
Human masmw mononuclear cells. toxic IDW 0.54PM
Bovine platelets, thmmbin-induced aggregation increased 165% by 25 YM
Pig vascular smooth muscle cells, Ioxtc
Rat prostate adcnocarcinoma P-III. colony inhibition 75.7% at 6 pgl mLt
Rat C-6 glioma cells. toxic at 2.5 KM
Mouse fibroblasts, toxic
Mouse peritoneal macrophages, toxic
Mouse L cells, cyrotoxic, reduced protein levels. lipid dmple! accumulations
Mouse lymphocytes, cytotoxic 1 #g/ML
Human marrow mononuclear cells, proliferation inhibited, IDW 5.0PM
Mouse L cells, cyiotoxic, reduced protein levels. lipid droplet accumulations
Rat Moms hepatoma HTC cells. toxic within 24 h
Human mamow mononuclear cells, proliferation inhibited, IDM5.0PM
Mouse L cells, cyrotoxic, reduced protein levels. lipid droplet accumulations
Murrne neumblastoma cells, sterol biosynthesis and HMGCOA reductase

markedly inhibited at 5 pgl ML
Chinese hamster V79 lung tibroblasts, cytotoxic at 25 jaM
Mouse L cells, cytotoxic, reduced pmteiss levels, lipid droplet accumulations
Chinese hamster V79 lung fibmbla.sts, cytotoxic at 10PM
Human marrow mononuclear cells, proliferation inhibited, [Dm 25PM

107. 108
47, -$8

[09
I 10
48

Ilk
47, 48

I 10
48

Ill
112

112

112

113

114
I [4
114

I 10
108
I 10
1[1
108
57

115
72, I
72, I

111
I 17

16
16

118
117
117
57

117
117
I 10

119, 120

I20
119
118
[17
IIXI
1~1

I 22
100
ICQ
111
I 23

118
Ill
I 10
118
Ill
i 24

47, 125
Ill
47

118
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Oxysreral In Vitro Results Reference

3@.Hydro~y~holes[.5 -en-?4anC

3p- Hydroxy-24-etiy lcholesta-
5.24(28)-alien-29-al

24-E[hylcholesta-5,24 (28) -diene-
3P .~9-dlol

3~.5-Dlhydroxy- 5a-choles[an-6-one
313.5-Dlhydroxy.5a -

choles[-7-en-6-cme
5a. Cholestane-313.5,6(3-mol 6

6~-Methoxy-5a-choies( -7-ene-
3~.5.9a4noi

3~,5,9a-Tnhydroxy -5a-cholest-7-
en-6-one

Mixed oxysterols

Rat Moms hepatoma HTC cells, toxic within l-3 d
Murine Ieukemla L1210 cells. !OXIC,LDW 3 ~g/mL

Murine leukemla L1210 cells. [oxic, lDW 4 pg/mL

Rat Morris hepa[oma HTC cells, toxic at 33 gg mL
Rat Morris hepa[oma HTC cells, toxic at 33 ~gl mL

Bovine platelets. thmmbln-mduced aggregation decreased by 25 YM
Pig vascular smooth muscle cells, toxic
Chinese hamster embryo cells. relatlve plating efficiency decreased*
Chinese hamster V79 lung fibrobiasts, cytotoxic at 12 PM
Synan hamster embryo cells, toxic, TDn 2.3 #g: mL
Mouse r’ibroblasts, toxic
Mouse peritoneal macrophages. toxic
Ra! Moms hepa!oma HTC cells, toxic at 33 pg/ mL

Rat Moms hepatoma HTC cel[s. toxic at 33 gg/mL

Chinese hamster embryo cells. relative plating efficiency decreased

I 10
11~

112

117
[00

107. 108
47

109
IN
100
] 26

126

107, 108

“ EfiecI ml!igawd by exogenousarmoxtdants
f Effect mlt]gawd by exogenouschokxerol.

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. ‘2B1mThe 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. 41.~sThus, a5 one must consider the cirCurnStWICeS

under which cholesterol is autoxidized in biological
systems, }]’o so 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 3~,7(3-diol 3 and its 3(3,7~-dihemisuccinate
sodium salt are toxic to cultured undifferentiated rat
Morris hepatoma HTC cells, but both are relatively
Inactivated by serum lipoproteins.~67611s Nonetheless,
the 3~,7(3-diol 3 3~,7&dihemisuccinate provided pro-
tection against Krebs 11tumors in mice faster and more

strongly than other antitumor agents such as cyclo-
phosphoramide, 5-fluorouracil, or methotrexate!sn’u

The 3~,7@diol J is uniformly toxic to cultured mu-
rine Iymphoma cells but is not toxic to normal mouse
lymphocytes, Indeed, the 3~,7~-diol 3 may exert a
protective effect on lymphocytes at high (40-50 PM)
concentrations. 11s Were such 3~,7@-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 3(3,7@diol 3 and other oxysterols in
human blood. Human plasma 3~,7&diol J levels of
0.18-4.1 (average 1.7) PM have been reported,~~ and
3f3,7(3-diol 3 fatty acyl esters occur in human blood at
11 ng/mL (ea. 15 nM), thus not much lower than the
3-12 PM levels toxic to cultured Iymphomas in vitro.
Moreover, plasma levels of the 3~,7a-diol 2 have been
measured at comparable (0.3-2.5 4M) levels,’g and
plasma 3~,26-diol 11 levels have been reported in the
range 0. 1-2.3 gM. 1s3s-39It is not known whether these
plasma oxysterols are also cytotoxic to cancer cells or
protect ive of 1ymphocytes. Moreover, as the 1ym-
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. 131-1’3Such syn-
thetic oxysterol analogs as 6-nitrocholest-5 -en-3 ~-ol,
22-oximinocholest-5 -en-3&ol, 3&hydroxy-5a-cho-

. .
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Iest-8-en-7-one, 3(3-hydroxy-5a-cholest-8 -en- 1 l-one,
3~-hydroxv-5a-choIest-8 (14)-en-7-one, 3~-hydroxy -
4,4-aimethylcholest-5 -en-3&ol, 4,4-dimethylcholest-
5-ene-3(3,7a-diol and 4,4-dimethylcholest-5 -ene-3@,
7~-diol are all inhibitory.’34

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 DNA biosynthesis as mea-
sured by thymidine incorporation (Table 3), Oxysteroi
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 biosynthesis may be separated in some cases. ’49
The lack of sterol is associated with arrest of cells at

Table 3, OxysIerols [inhibitions O( DNABiosynthesis
.—

Oxysterol [n Vitro System Reference

Cholest-5-enc-3 ~,7adiol 2
Cholest-5-enc-3 ~,7f3-dioi 3

Cholest-5-enc-3 ~,7~-diol 3
3~,7~-dihemisuccina[e

3~-Hydroxycholcst-5 -en-7-one 4

(22 R)-Cholest-5-cne-3 ~,22-diol
(22S)-Cholest-5<tte-3 P,22diol
(23 R)-Cholest-5-ene-3 ~ ,23-diol

(23S)-Cholest-5-cne- 3~,23-diol

(24 R)-Cholest-5-ene-3 f3,24-diol
(24S)-Cholest-5 -ene-39 ,24-diol
Cholest-5+ne-3~,25 diol 7

(25R)-Cholest-5-3@ .26diol 11

Cholesta-5 ,23-diene-3~ ,25diol
Cholesta-5.20(22 )diene-3~,25-diol
Cholest-5-cne.3 ~,7~.25-tiol
(5Z,7E)-9,10-Seeoeholestx-5,7-

diene-3~ ,25diol (25-hydroxy-
Vitamin D))

3@-Hydroxy-24-etItyl-(24~)-
cholesta-5 ,28-dicttc-24-
hydropwoxide

3~-Hydroxy-24+ltylcholesta-5 ,23-
dicne-28-hydropertsxide

3f3-Hydroxy-24-esttylcholesra-
5,24(28 )dietse-29-hydropertsxide

3@-Hydroxy-24+hylcholesra-
5,24(28)-alien-29-al

24-Ethylcholesta-5,24( 28)dicne-
3~,29-diol

(5Z,7E.24R)-9,10-Sccacholesta-
5,7-diene-3~,24,25 -triol

(5Z,7E)-9, 10-Sccaehoiesca-5,7-
cliene-la,3@,25 -tsio[ (ia,~.
dihWraxY-Vitamin D,)

Human Iymphaeytcs, I-5 ,ug/mL
Human Iymphocytm, 5 Ag/mL
Rat Morris hepatoma HTC cells
Rat embryo fibrablasts, 23% inhibition by 6PM
Mouse splenocfles, I-5 #g/ mL
Rat Morns hepatoma HTC cells

Human peripheral blood mononuclear cells, lymphocytes
Rat embryo fibroblasts, 13% inhibition by 6 gM
Mouse Iymphoefles, 0.5-2 #g/ML
Human lymphocytes. 24% at 25 pg/mL
Human Iymphaeyres, 7% at 25 #g/mL
Human lymphocytes, 17% at 25 pg/mL
Rat embryo ftbroblasrs. 8% by 6 ~M
Human lymphocytes, 7% at 25 yg/mL
Rat embryo fibroblwa, 50% by 6AM
Human lymphocytes, 49% at 25 gg/mL
Human lymphocytes, 93% at 25 gg/tnL
Human Iymphccyses, 90% at 25 jig/mL; 14% at 5 yg/mL
Human WI-38 tibroblasts
Human smooth muscle cells. inhibited at 2 pg/rnL
No effeet in monkey aety smooth muscle cells
Rat embryo fibroblasts, 92% inhibition by 6 ~M
Rat ~ myoblasts
Mouse spleen cells. by 2 #g/mL
Murine P815 mastaeyroma cells, 0. I - I jtg/nsL
Human lymphocytes, 85% at 25 pg/ntL
Rat embsyo fibrablasts, 63% by 6PM
Human lympitacytes, 97% at 25 gg/mL; 28% at 5 Lg/rnL
Rat embsyo fibrablasts, 48% inhibition by 6AM
Mouse splenoeytes
Human Iymphorfics, 65% at 25 pg/mL; 14% at 5 gg/mL

DBA/2 mouse Iymphoeytes, IDW I Ag/mL

DBA/2 mouse Iymphocyres, ID. 4 ~g/mL

DBA/2 mouse lymphocytes, ID* 16 #g/mL

DBA/2 mouse lymphcc~es, ID. I ~g/mL

Human Iympboqnes, 73% at 25 pg/mL; 14% at 5 gg/mL

Humam Iymphoeyws, 52% at 25 ~g/mL, 19% at 5 ~g/mL

135, 136
I 35
56

137
!38
56

135.139
137
140
141
141

141

I 37
141
I 37
141

141

(39, 141-144

145

146

147. 148

137. 149

I 45

123

[50

141

I 37

141

I 37

151
141

I 12

112

112

112

112

141

141
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the GI phase of the cell cycle. and its appears that the
=~--. G, arrest preceed, indeed lead to suppression of sub-

sequent macromolecule biosynthesis. ’50
Yet other data implicate membrane phenomena in

suppression of DNA synthesis. Thus, the 3(3,7(3-diol
.3 arid 3(3,25-diol 7 but not the water soluble 3@,7(3-
diol 3 3@,7@-dihemisuccinate suppress DNA synthesis
in murine splenocytes. Incorporation of oxysterol into
the plasma membrane may contribute to the effect. 139
Also. the increased uptake of Cal’ and decreased DNA
synthesis in murine P815 mastocytoma cells treated
with 0, 1-1 #g/mL 3~,25-diol 7 suggest that DNA
synthesis may be inhibited as Caz+ influx be stimulated
via membrane events. ‘5’

There are divergent responses for some epimeric
hydroxycholesterols; for instance, while the epimeric
cholest-5-ene-3 ~,24-diols are equally inhibitory of
DNA synthesis at lower dose, the naturally occuring
(24 S)-cholest-5-ene-3 (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.
[ntravaginal instillation of the 7-ketone 4 or 3~,25-diol
7 in mice during the progesterone-dominant phase of
the estrus cycle prevented metaphase figure formation
in vaginal epitheliums, but the effect was local as rectal

_-—.-
epithelium was not affected. 1s2

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
3(3,25-diol 7 are immunosuppressive agents.b3 The
3~,25-diol 7 suppresses concanavalin A-, mevalon-
ate-, and phytohemagglutin in-induced transformations
of human lymphocytes ‘“’53 and inhibits the transfor-
mation of naive murine lymphocytes into differentiated
cytotoxic lymphocytes. ’23The 3@,7-diols 2 and 3 and
7-ketone 4 were likewise effective in phytohemagglu-
tinin-stimulated human peripheral blood lympho-
cytes lJ$ljbl~J Indeed, 3f3,7-diols 2 and 3 administered

intraperitoneally (10-SO mg/ kg/day) to rats with skin
grafts appeared to prolong graft survival times. 13s

The epimeric 3p,7-diols 2 and 3 are both potent
suppressors of cytotoxic lymphocyte responses, ‘w and
the doubly substituted oxysterol cholest-5-ene-
3~,7,25-triol was also immunosuppressive, inhibiting
blastogenesis and mixed lymphocyte response but only
about as much as the 3~,7&diol .3.‘s’ The 7-ketone 4
(25 IAM) or 3f3-hydroxy-5a-cholestan-7-one also in-_—_.-,——.
hibited spleen cell cytotoxicity and natural killer cell
activity .’ss

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 .[2Ji3b[39[42’45The effects of the 7.ketone 4 in
inhibiting lymphocyte blastogenesis appear to depend
on the cholesterol: phospholipid ratio in the plasma
membrane. ‘w Nonetheless, as in so many other cases
of oxysterols influences, more than one mechanism
may operate. For instance, the 3~,7&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. 13sMoreover, the 3~,25-dioi 7 stimulates
biosynthesis of apolipoprotein E in murine peritoneal
macrophages, apolipoprotein E also being recognized
as inhibiting lymphocyte proliferation. 1S6

In that the irradiation of skin in vivo leads to di-
minished immune system responses and also may gen-

erate oxysterois in situ, it is speculated that com-
promised immune system responses may result from
immunosuppressive oxysterols so formed in irradiated
skin.’s’

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-h ydroxy -
Vitamin D3 ((5 Z,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 Dy ((5Z,7E)-9, 10-se-
cocholesta-5,7-diene- la,3~,25-triol).bl

Oxysterols are also rapidly effective in influencing
thrombin- or adenosine diphosphate-induced aggre-
gation of bovine blood platelets in vitro. Oxysterols
(25 PM) bearing a side-chain hydroxyl feature ((20R)-
cholest-5-en-3&oI, 3~,20-diol 10, the isomeric cho-
lest-5 -ene-3~,22-diols and cholest-5-ene-3 ~,24-diols,
and 3P ,25-diol 7) enhanced thrombin-induced aggre-
gation, but only (22S)-cholest-5-ene-3 (3,22-diol en-
hanced adenosine dipttosphate-induced aggregation,
whereas (22R)-cholest-5-ene- 3(3,22-diol, (24 S)-cho-
lest-5 -ene-3~,24-diol, and the 3~,25-diol 7 inhibited
aggregation. Other common cholesterol autoxidation
products 7-ketone 4 and 5a,6a-epoxide 5 were not
active, but the 3~,5a,6&triol 6, and 39,5 -dihydroxy -
5a-choiestan-6-one inhibited thrombin-induced aggre-
gations. 117.157.15SThe 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 3~,7f3-
dioi 3, 3(3,20-diol 10, 3~,25-diol 7, 3&hydroxycho-
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T~ble 4 Phagoqrosls .~cttvmes O( OKySIerols

Increased
Oxysterol Phagocytos!s. %* Relative Potencyt

6. 19-Epidioxy-t 7E)-9, 10-secocholesta- ca. [5-25 lea. lCXlnM) 130-200
5{10).7.diene- I a.3~.25-mols ca.55-60 (ea.&30 nM)

6. 19-Epldioxy-26.27 -hexatluoro- ca.15 (10 nM) 30
(7E)-9.10-secocholesta-5( 113),7. ca.55 ( 100 nM)
diene-3~.25-diols

6, 19-Epidioxy-24,24 -difluoro- ca.10 (10 nM) 45
(7E)-9. 10-secocholesta-5( 10),7- ca.35 (ea.&3 nM)
dlene-3~,25-ciiols ca.50 (ea. 600 nM)

6, i9-Epidioxy-(7E .24R)-9, 10- — 150-200
sec~holesta-5( 10).7-dienc-
3~,~5.dlols

6, 19-Epldioxy-(7E)-9. 10-secocholesta- ca.5 ( [0 nM) I 20- I30
5(10) .7-diene-3~.25-diols ca.20 (60 nM)

ca.50 (600 nM)
6, 19-Epoxy -(7E, 19<)-9, 10-seeochoiesta- ca. 10 (ca.6 nM) —

5(10),7 -diene-3@,25-diol ca.35 (ca.60 nM)
ca.70 (ca.600 nM)

6, i9-Epoxy-(7E, 19$)-9, 10-secocholesta- ca.10 (ca.6 nM) .

5( 10).7-diene-3f3 ,25-diol ca.35 (ca.60 nM)
ca.70 (ca.600 nM)

“Daraestimatedfrom graphedresults.~{*Z
*Potcnclesrelatwe [o that of la.25-dihydroxy -Vitamin 0,. ”

lest-5-en-22-one, and 15-ketone 12 was relieved by
exogenous cholesterol. It is presumed that de novo
sterol biosynthesis inhibition resulting in a diminished
ratio of membrane cholesterol to phosphoiipid thereby
decreased cell membrane adhesion properties. ‘Sv A
similar case wherein the 3(3,25-diol 7 inhibit the
CaJ +-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 Caz+ flux. ‘m

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 [hat 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 uncetlain. 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 7’6’),
the increased accumulation of 3~,26-diol If and its
fatty acyi esters with advancing age and severity of
atherosclerosis, and identification of the 3P ,26-diol
1i, its esters, and related oxysterols in human blood
combine to provide a basis for this suspicion .’’te-’e’

Indeed, many of the arguments linking cholesterol

to human atherosclerosis may be advanced with equal
validity for oxysterols present in foods, blood, and
aortal 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. ‘w

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),’w and in WHHL rabbit aorta
Iipids, ”o 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 3~,25-diol 7
and the 3~,26-diol II, both of which accumulate in
the human aorta. The 3~,5u,6&trioI 6 and 3@,26-diol
11 cause extensive necrosis and an acute inflammatory
response when implanted subcutaneously in rats,” and
the triol 6 and 3P ,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. ‘7’
Nonetheless, as human plasma contains a variety of
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oxysterols that increase in amourits as the p[asma ages

and also exhibits toxjc 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
3(3,25-diol 7,’2’ 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. ‘o’

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 3~,26-diol /1 distributed more evenly (ea.
2:1 ) between VLDL and LDL on the one hand, high
density lipoprotein (HDL) on the other. 13’5However,
exogenous 3B,7a-diol 2, 3(3,25-diol 7, and 3(3,20-diol
10 appear to favor distribution into LDL and HDL of

human serum, ~’ In squime] monkeys it appears that
exogenous 3~.25-diol 7 is selectively present in VLDL
and LDL but in low levels in HDL,~7,~9JJl@lb5 Rabbit

piasma lipoproteins appear to carry the 7-oxygenated

sterols 2-4 and the 3@,5a,6~-triol 6 selectively in
VLDL, the 3~,25-diol 7 in LDL.3334 [t 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 3(3,5a,6f3-triol 6. Only evi-
dence of damage to coronary arteries was ob-
served. ’72

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. Its ViVo Cytotoxlc and Atherogenic Effcets of Oxysterols

Oxysrerol Test System Results Reference

3~-H@oxycholesr:Sa-7 -ostc 4

Cholcst-5+se-3S,25 diol 7

5Q-Cholcsranc-3 ~,5,613-friol 6

Cornmcscial cholesterol
(containing oxystemls)

Mixedoxysmuls

Chicks fed 10-20 mg/d

Squitml monkeys, fed 5 mg/ kg

New Z.eafastdwhite rabbits, 2.5
mg/kg intravenously

Squid monkeys, fed 5 mg/
kglday

New Zeatand white rabbits, 2,5
m~/kginuavenously

Wkratrats,per os

White Carncau pigeons fed in
diet

Ctskwhilla rabbks, fed 2f13 mg/
kg for 10 weeks

Japanese quail, 0.5% in diet
chicks, quail

White rabbits, 250 mg/kgby
gavage

NewZgahtS6white rabbits,
1 glkg by gavage

Sprague-Dawley rats fed 2%
in diet

Damage to aorta, toxic to smooth
muscle cells

Intimal thickening; proliferation of
smooth muscle cells, edemw,
dcposiLs of cellular dctriNs and
calcium

Aorta surface damage, adhering
platelets

tntimaf thickening, proliferation of
smooth muscle cetts,
accumulations of collagen fibs,
caJcium

Aorta surface dasrsage,adhering
platelets

Damage to aortic smooth muscle
cells and epithcliunt

Coronary a.ncry attscmmas

Scsum cholesterol increased

Aortic cholesterol ittereaacd
Early decrease in, weighl gain;

Iethat!
Increased stncmth muscle cell death

within 24 h
Increased death of aortic medial and

intimaJ cells by pyknoais; cafcium
deposits

Lipid pcroxidation and ptustaglandin
formation sliehtlv increased

173

174

175, 176

177

175, 176

178

172

89

I 79
92

164, 180, 181

182

183

.—

-...
..
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Table 6. In Vitro Oxysterols Effects Relamd to Atherosclerosis

Oxysrerol Test System Effects References

Cholest-5-ene-313,7 diols
2,3

3@-Hydroxycholest-5-
en-7-one 4

5,6a. Epxy-5a-
cholesmtt-3&ol 5

5,6-Epoxy-5a&
cholescart-3&ols 5,8

5a-CJsolestane-3 @,5,6~-
ttiOl 6

Cholest-5-ene-3~ ,25-
diol 7

(25 R)-Cholest-5-erse-
313,26-diol 11

(25S)-Cholest-5-ene-
3~,26-diol

Rabbi[ aorta smooth muscle cells

Human aona smooth muscle cells
Perfused plg carotid weries
Rabbit aona smaorb muscle cells
Canine coronary aste~ cells

Rabbit aorta smooth muscle cells

Human aorta smcd muscle cells

Rabbit aorta smooth muscle cells

Canine smooth muscle cells
Rabbit vascular endotheiium
Human smooth muscle cells

Human skin flbroblasts
Human anerial smooth muscle cells
Bovine vascular endotheliaf cells
Human monocyte J774 macrophages
Canine smooth muscle cells
Rabbit aona smooth muscle cells

Swiss-Webster mouse peritoneal
macrophages

White Carneau pigeon aorta smooth
muscle cells

Human skin fibroblas[s

Human skin fibroblasts

Cholesterol upmlte mhiblted 40% at
50 gg/mL

Growrft inhibition at 5 yg/mL
Inhibition of LDL uptake by 22%
Cholesterol uptake inhibited 40% at

50 #g/mL
Weak constriction effect
cholesterol uptake inhibited 60% at

50 /.ig/mL
Growth inhibition at 5 ~g/rnL; Iysosome

activation at 1-10 fig/ML
Pmsraglasrdin biosynthesis inhibited
Albumin transfer across confluent

monolayem increased
Cholesterol uptake inhibited 70% by 50 ~g/

ML, 90% by 100 #g/mL
Toxic at 0,5-6 ~g
Endocytosis decreased
Growth inhibition at 5 pg/mL,

toxic at 10 flg/mL;
decreased DNA synthesis at 2 pg/mL;
Iysosorne activation at I -10 pg/mL

Increased HDL binding by 20 #g/ML
Increased HDLbinding at 20 Ag/mL
Increased HDL binding al 50-100 pg/rnL
Decreased LDL receptor activity as 1 pg) rnL
Toxic at I-6 Ag
Cytatoxic effects

cholesterol uptake inhibited @% by
50 pg{mL

Prmtagiartdin biosynthesis inhibited
Apolipoprotein E synthesis incrased 3-fold

by 5 #g/rnL
Increased LDLbinding and steroi

csterification; suppressed de novo sterol
biosynthesis;

inhibitionof LDLuptake, degradation

Inhibition of LDL uptake, degmdation

184

146
185
184

I86
184

146

187
188

184

189
190
146

I 20
120
[91

192, 193
189

181, 194,
195
194

187
156

l%, 197

198

198

_—_

increased platelet aggregation and resultant thrombus
formation. ‘a’However, evidence of possible increased
prostacyclin production in aorta] tissues of rats fed
oxysterols is also available. ’03Oxysterol 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. ‘a:These suggestive matters need further

consideration.
Again, the 3(3,25-diol 7 and 3~,5a,6&triol 6 have

consistently been the most toxic in these several
tests.lTt.lTT.181.18T.1~The ability of 3~,5u,6&triol 6 to

damage aortal tissue of rats ordinarily resistant to nat-
ural and experimental arteriosclerosis emphasizes its
toxicity in this regard. 170

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

3@,5a,6&triol 6 decreases endocytosis activity in cul-
tured rabbit vascular endothelial cells, but the 3~,25-
diol 7 had little effect. ‘wThe growth inhibitory effects
of the 3~,25-diol 7 may not be reversible, but exog-
enous cholesterol protects partially. ‘M Other marked
differences between actions of the oxysterol pair sug-
gest that perhaps the 3f3,25-diol 7 exert its effects via
suppression of HMGCOA reductase, whereas the
3~,5a,6@-triol 6 act by other mechanisms, perhaps via
membrane effects.

The indicated capacity of the 3(3,25-diol 7 to in-
crease HDL binding in human fibroblasts and arterial
smooth muscle cells’zo and that of the isomeric 3f3,26-
diols f/ to inhibit LDL uptake into human fibroblasts
support futther a possible role of these endogenous
oxysterols in the regulation of cellular cholesterol ho-
meostasis. The effect on LDL uptake of the 3~,26-
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diols occurs at oxysterol concentrations (EC~Oca. 1

LJM) potentially attained in human blood. ‘9s
In other cells oxysterol effects may be quite differ-

ent. In J774 macrophages the ,nhibitory actions of the
3(3,25-diol 7 on LDL uptake and HMGCOA reductase
suppression are considerably different from those in
cultured fibroblasts. ‘0 However, just the opposite ef-
fect of the 3~,25-diol 7 effecting increased LDL bind-
ing in aorta smooth muscle cells of the atherosclerosis-
susceptible White Cameau 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 aorta] damage were compared, higher
serum cholesterol levels were attained with the unpu-
rified sample.8q

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
ra-bbits 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. ” ‘Wm 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.~ ‘0320’

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-oxy sterols 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 3(,3,5ct,6&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.202z03Whether 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 (bps eu-

ropaeus male x Lepus rimidus female) fed 170 cho-
lesterol or 1% cholesterol with 0,5 mg/day 3~,25-diol
7 for 7– 14 months developed aortal lesions, with no
apparent effect of the 3P ,25-diol 7 noted. zw

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 modem 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 .20s-2w
Some support of this viewpoint is had in the recent
repofl that white rabbits fed oxysterols (50 mg/ day)
from air-aged USP cholesterol appear to protect against
formation of aortal lesions ,Mzw

Although these ideas are not readily reconciled with
other vie wpoints 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 monoclinal hypothesis of Benditt suggesting
that aonal lesions are monotypic, arising from a single
cell in which the 5a ,6a-epoxide 5 might be the initi-
ating injurious agent, 2’0 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’s’ and blood (par-
titioned into VLDL, LDL, and HDL)’3 would support
such formulation. However, although mutagens and
cytotoxic components have been found in human
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VLDL. the activity does not come from oxysterols such
as the 3~,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,z” 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 aortal lesions. Hybrid L.e-
pus europaeus x Lepus timidus hares with glucose 6-
phosphate dehydrogenase isozyme mosaicism in fe-
males, fed 1% cholesterol with or without supplemen-
tal 3~,25-diol 7, develop hypercholesterolemia and
aorta] lesions .20’2’4More interestingly, hybrid hares

fed I% cholesterol plus 3@,25-diol 7or 3~,5a,6$triol
6 (but not in hares fed 1% cholesterol alone) developed
monotypic aortal lesions in which the fimidus pheno-
type predominated, with similar effects in aorta tissue
without lesions,21’-2’b

The ratio of eurojxzeus phenotype to timidus phen-
otype in cultured hare skin fibroblasts appears to be
shifted by exogenous 3~,25-diol 7 or by ultraviolet
light irradiation in favor of the europaeus phenotype,
perhaps because the tintidus phenotype be more sen-
sitive to toxic effects .z’’-g’g 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 monoclonai 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
ghec include the 3~,7-diols 2 and 3, one or both 5,6-
epoxides 5 andl or 8, the 3P ,25-diol 7, and the 3f3,20-
diol )0. An obvious suggestion arises that it be the
oxysterols of ghee that may cause the high incidence
of human atherosclerosis. *m

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

MUTAGENICITY AND CARCINOCENICITY

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
embryo2z’ ‘z~and HeLacells4q50 confirm this inactivity.
However, it may be noted that enteric bacteria appear
to catalyze binding of cholesterol to calf thymus DNA
in vitro, z:’ and heating cholesterol with creatine may
create mutagenic products, ~~4whlc.h if formed in heated

milk are not detected. ~zs
Moreover, autoxidized cholesterol preparations rich

in polar oxysterols are mutagenic towards Salmonella
typhimurium TA 1537, TA 1538, and TA98 test strains
in the Ames test, but individual mutagenic oxysterols
have not been identified.5’sg Oddly, neither autoxi-
dized brassicasterol, cholesta-5,7-dien-3 &ol, ergo-
sterol, Ianosterol, sitosterol, nor stigmas terol were
mutagenic .5’

Demonstration of mutagenicity for specific oxy -
sterols has not been successful. s’‘0’226Similar negative
results are regularly reported for bile acids on the stan-
dard agar plate bioassays22b and uncertain results in
liquid incubation bioassay s.*z7-22gHowever, N-nitroso
derivatives of glycocholic or taurocholic acids are mu-
tagenic in a forward mu’tation bioassay with S. typhi-
muriunt TM677 .2~ The co-mutagenic effect of bile
acids towards strains of S. typhimurium2° and their
promoting effect cm transformation of fibrobtasts in
vitro232suggest 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. 59

Furthermore, the mutagenicity of specific oxyster-
OISin both bacterial and cultured mammalian cell sys-
tems has now been demonstrated. By such means a weak
dose-response mutagenicity for ~he initial cholesterol
oxidation products cholesterol 7a-hydroperoxide
(from ’02) and 3&hydroxy-5a-cholest-6-ene-5-hydro-
peroxide (from ’02) has been demonstrated using S.
ryphimurium TA 1537. Both sterol hydroperoxides ex-
hibited toxicity towards the test organism, and phase
separation of anal yte occumd 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
3~,7a-diol 2, both being nonmutagenic. However, the
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5a-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 5a-cholest-6-ene-3 (3,5-diol, these compli-
cations mitigating proper assessment of the true mu-
tagenicity of the sterol hydroperoxides.5q@

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 dismu[ase
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. ~qHydrogen peroxide is weakly mutagenic to-
wards S. ryphinmriunr TA 10@33.z~ and T’A 102,23$-237

but induces catalase in several strains234z3sas well as
numerous other proteins, five of which are also induced
by heat shock. 239In that cumene hydroperoxide also
mutagenic towards S. ryphimurium likewise induces
catalase and other proteins ,z3s23gthe same process may
hold for the mutagenic sterol hydroperoxides.

-=-. I 1

The scheme of Figure 1 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 mutagenss’ may also have involved gener-
ation of hydrogen peroxide or superoxide as the mu-
tagenic species actually detected.

The metabolic transformation of the 5a-hydro-
peroxide to the 7-ketone 4 directly without prior iso-
merization of the 5a-hydroperoxide to the 7a-
hydroperoxide suggests that sterol peroxyl and oxyl
radicals be implicated, as we have seen also in model
chemical systems. *a Whether such oxygen radicals
also be mutagenic has not been addressed,

Although steroi hydroperoxides have not been iden-
tified in vivo, a cholesterol 3&linoleate hydroperoxide
has been detected in human blood plasma. ‘m If the
steryl ester hydroperoxide be an endogenous metabo-
lize 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-

5a-OOH

------ ------ ------ --

7a-OOH

CATALASE

1,

fi \

(-) v
TA1 5373

ROOH + 02=- MUTAGEN

MUTATION

b #

Fig. 1. Rocesscs implicated in the mutagenicity of sterol hydropcroxides. Abbreviations: 5a-OOH, 3~-hydroxy-5a-cholest-6-
ene-5-hydropsruxide: 7a-OOH, choicsleroi 7a-hyd~v~xide: R., intermediate steral radicals; SOD, supcroxide dismutase;

ROOH, sterol hydropcroxide; TAI 537, S. &phimurium TA 1537.
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ids‘“ “~andplasmav erylowdensityl ipoproteins~i’may
accumulate mutagens detectable by the bac[erial bio-
assay, but it is uncertain whether such mutagens be oxy -
sterols, oxidized unsaturated lipids, or xenobiotic mut-
agens.:42

The 5a,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. $’z” Moreover, the inhibition of DNA synthesis
in HeLa cell cultures by the 5a,6a-epoxide 5 shown
in earlier bioassay has since been recognized as from
an impurity in the sample tested. ~qmNonetheless, the
mutagenicity of the 5a,6a-epoxide 5 has been dem-
onstrated in V79 Chinese hamster lung fibroblasts. %
The V79 fibroblasts accumulated exogenous 5a,6a-
epoxide 5 and transformed it to nonmutagenic
3~,5a,6&triol 6 during bioassay, but direct acting mu-
tagenicity was observed. The isomeric 513,6&epox-
ide 8 was even more mutagenic than the 5a ,6a-epox-
ide 5.47

Both isomeric 5 ,6-epoxides 5 and 8 are subject to
enzymic hydrolysis to the nonmutagenic but more toxic
3~,5a,6@triol 6, the greater the hydrolysis the lower
the mutagenic response but the greater the toxicity pro-
voked. Both 5a,6a-epoxide 5, 5f3,6@epoxide 8, and
3~,5a,6&triol 6 were cytotoxic and inhibited thymi-
dine incorporation into DNA (3@,5a,6&triol 6 >
5(3,6(3-epoxide 8 > 5a,6a-epoxide 5 ).W47Z’’24SThe
5~,6(3-epoxide 8 has also been shown to be active in
a sister chromatid exchange bioassay using cultured
human lymphocytes, whereas the isomeric 5a,6a-
epoxide 5 and 3(3,5a,6(3-triol 6 were not. zti 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 B6C3FI
mice fed 1% 5a,6a-epoxide 5 in the diet for 6 weeks)
leaves the matter unsettled.az Furthermore, the hy-
pothesis that the 5a,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,247z4a and the cutaneous levels of
5,6-epoxides formed do not approach those required
to cause tumors in mice. 1s4.24QMoreover, the preCISe

composition of the cholesterol 5 ,6-epoxides 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 5,6-

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 5a,6a-epoxide 5 and its metabolize or hydrolysis
product 3~,5a,6a-triol 6 both exhibited transforming
activity against cultured Syrian hamster embryo
cells. ‘W22’~z2Additionally, both isomeric 5,6-epoxides
5 and 8 exhibited transforming activities against cul-
tured V79 Chinese hamster lung fibroblasts and C3H-
10TI /2 mouse embryo cells, the 5~,6&epoxide 8
being the more potent. The extent of cell transforma-
tion increased with analyte concentration and with ex-
posure time.’a In 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 3(3,5a,6&triol 6 be carcinogenic!

The repeated discovery of the cholesterol 5,6-epox-
ides and the 3(3,5a,6&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. typhimurium TA 1538zuzrn and
fluctuating levels of both 5,6-epoxides and 3(3,5a,6&
triol 6, the 5~,6f3-epoxide 8 predominating. ”’2s2 Hu-
man prostate gland secretions likewise contain both
5,6-epoxides, in this case the ratio of 5a,6a-epoxide
5 to 5f3,6(3-epoxide 8 being 10: 1.2J3Both 5,6-epoxides
5 and 8 have been measured in human blood as well.’)

The general concept that oxysterols may act as “al-
kyiating” agents has been tested with model systems
involving the oxidation of the dienols ergosterol and
cholesta-5,7-dien-3 &ol by 12or by FeCIJ/ H202, pro-
posed as mild oxidation systems “physiologically 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 mutagenicityy and/or carcinogenic ity. ‘s’

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,~s2~ with both
radical autoxidation and photosensitized oxygenation
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processes generating oxysterols that may affect re-

c. Suits. 256-YJ3

The incorporation of exogenous oxysterols into
plasma membranes of cultured cells has been repeat-
edly demonstrated, In 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. [rtdeed, m cultured cells such mem-
brane oxysterols may be a continuing source of
intracellular oxysterol potentially influencing intracel-
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-3@ol from phospholipid
liposomeszb’ and the 3~,7-diols 2 and 3, the 3f3, 20-
diol /0, and 3~-hydroxycholest-5 -en-22-one from li-
poprotein-depleted medium.4’2b2 Pig aorta] tissues in-
cubated in human plasma enriched with the 7-ketone
4 also absorb the oxysterol. 2b3

Incorporation of exogenous oxysterols into plasma
membranes may alter 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 3@,7&diol 3,ss deformations of bovine
platelets and erythrocytes by the 3@,7f3-diol 3 or (22 R)-
cholest-5-ene-3 ~,22-diol,4’2@ degeneration of human
glioma cells by the 3~,25-diol 7,’22 and loss of syn-
chrony in beating of cultured chick myocardial cells.’ ‘b
Sterol distribution within mouse 3T3 cells following
administration of the 3fl,25-diol 7 is readily visu-
alized. zbs

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-
5-en-3-one into human microphage-like U937 cell
membraneszti nor of several oxystyerols into Myco-
plasma gallisepticum membranes ‘w supported cell
growth.

The cytotoxic effects of closely related oxysterols
may be quite different; (22 R)-cholest-5-ene-3 ~,22-diol
and epimeric (22 S)-choIest-5-ene-3 ~,22-diol are in-
corporated into erythrocytes equally, but the (22 R)-
3~,22-diol is much more effective in Iysing
cells. ‘saz~zb’ Correlated with the diminished toxicity
of the (22R)-3(3,22-diol relative to the (22 S)-3~,22-
diol epimer is diminished inhibitory power in sup-

.—- pressing DNA and HMGCOA reductase activity,’37 al-
though it remains uncertain how membrane effects are
related to these nuclear events. The differential Iytic

effect of the epimeric 3~,22-diols on cultured cells may
derive from the decreased ability of the (22 R)-3~,22-

diol to interact with membrane phospholipid to form
and maintain a stable and functional membrane. Al-
though the 3~,20-diol 10, (22S)-cholest-5-ene-3 ~,22-
diol, (23 R)-cholest-5-ene-3 ~,23-diol, (23S).cho]est-
5-ene-3@,23-diol, 3@,25-diol 7, and 3@-hydroxycho-
lest-5-en-22-one appear to interact like cholesterol with
phospholipid in model systems to form a stable mem-
brane system, the (22 R)-3@,22-diol does not, presum-
ably because of the altered stereochemistry of the side-
chain imparted by the (22 R)-22-hydroxyl configura-
tion. 268-271

Oxysterol insertion into membranes affects mem-
brane protein and phospholipid structure. Incorpora-
tion of the 3~,7a-diol 2 into the human erythrocyte
membrane results in an increase in protein helical struc-
ture, whereas the 3~,20-diol 10 causes increased im-
mobilization of fatty acyl chains within the membrane.
Both synergism and antagonism between cholesterol
and oxysteroi may occur in control of membrane pro-
tein and phospholipid fatty ‘acyl chain stereo-
chemistry .2b227’272

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,27’273 but the 3~,20-

diol 10, (22 S)-cholest-5-ene-3 j3,22-diol, the epimeric

choIest-5-ene-3 (3,23 -diols, and 3~,25-diol 7 condense
these phospholipid bilayers in the manner of choles-
terol.2u27’27’ By contrast, in phospholipid monolayer
the 3~,7-diols 2 and 3 and the 7-ketone 4 exert a con-
densing effect, but the 3~,25-diol 7 does not.274

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 .2u27027*-z7bThe resultant ef-
fect is that of decreased membrane fluidity,273277with
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. 27sMoreover, the 3-ketone 9 may be in-
serted into phospholipid Iiposomes and plasma mem-
branes of erythrocytes and cultured fibroblasts by in
situ oxidation of membrane cholesterol by cholesterol
oxidase.2m-2s~The uptake of phosphate anion by human
erythrocytes in vitro is inhibited by such treatment,2~
and erythrocyte hemolysis is promoted.2a’2~ 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 .l”’

In some cases the stability of plasma membranes

may be improved by treatment with oxysterols. The
resistance of cultured mammalian ceils to the cytolytic
action of streptolysin O is increased by 3(3,25-diol 7
or 3~,20-diol fO, possibly by lowering plasma mem-
brane cholesterol accessible to the toxin.:s’ By con-
trast, in vitro uptake of oxysterois into the erythrocyte
plasma membrane causes an expansion of cell surface
area without attendant cell volume changes, thus a dim-
inution of osmotic fragility of the erythrocyte. Such
protection is accorded by 25 AM 3(3,7a-diol 2, 3@,7&
diol 3, the 7-ketone 4, and the 3f3,20-diol fO but also
by cholest-5-ene-3 @,4@diol, 5a-cholestane-3 @,6(3-
diol, 3(3-hydroxycholest-5 -en-22-one, 3(&hydroxy -
5a-cholestan-6-one, and 3~,5-dihydroxy-5 a-choles-
tan-6-one. The more oxysterol inset-ted into the mem-
brane, the greater the protection, but serum lipoprotein
diminished the effect, 2SSErythrocytes from patients
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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, 288289

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 membraneszs’ ~geand
from phospholipid-oxy sterol monoiayers. ~’s

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 3~,5a,6@triol 6 and 3~,25-diol 7,
the 3(3,5a,6(3-triol 6 affecting hexose uptake, the
3(3,25-diol 7 not. ‘27287Z91-ZWIt is reasoned that the
3P ,5a,6@iol 6 insert into the plasma membrane,
whereas the 3(3,25-diol 7 exert its toxic effects via
reduction in de novo sterol biosynthesis. 127Z91-2W

Table 7. Membrane Effects of Oxysterols

Oxyswcd Membrane System Effects Reference

Cholest-5-cne-3 @.7adiol 2
Cholest-5-cne-3 @.7~diol 3
3~-Hydroxycholest-5 -cn-7-onc 4

5.6a-E~xy-5a-cholestan-3 $ol 5

5a-Cholestanc-3~ ,5,613-triol 6

Cholest-5<nc-3@- 19-diol

(20S)-Cholest-5 -cne-3f3 ,20-dioi f(l

(22 R)-Cholest-5-crsc-3 @,22.diol
(22S)-Choies(-5 -ersc-3~,22-diol

~s-fluo~(zzs)<h~i~st.s+ne.

3P ,22-diol
Cholest-5-cne-3 @,25diol 7

(25 R)-Cholest-5-cnc-3 ~,26-diol
11

(25S)-Cholest-5+ne-3 fl,2Miol

Phospholipid Iiposorncs
Phospholipid Iiposomes
Perfused pig carotid artery
Phospholipid Iipasorrrcs
Dog brain synaptosarncs

Rabbit soda smooth muscle cells

Dog brain synaprosomes

Dog brain synaptosomes

Phospholipid Iiposomes
Monkey atte~ smooth muscle cells
Dog brain synaptosorncs

Phospholipid liposornes
Monkey artery smooth muscle cells

Rabbi[ aoms smooth muscle cells

Bovine vascular endothelial cells

Human ribrobiasts

J774 Msrcrophages
Phosphcdipid Iipoaomcs

Human tibroblaats

Human tibroblasts

Decreased glucose permeabili~
Decreased glucose pcnncability
Diminished uptake of LDL
Decreased glucose permeability
Na. /K.-ATPase (EC 3.6.1.3)

stimulated by ca. 1.5 PM
HeXOSCtRUISpOtldecread by

5-50 pg/mL
5’-Nucleatidasc (EC 3.1.3.5)

inhibited
Na” / K” -ATT%scinhibited
Na” / K *-ATPSSCsumulatcd i$y

ca.1.5 kM
Na’ / K ‘-ATPsscstimulated by

ca.1,5 PM
Dye permeability increased
LDLteeeptor sites diminished
Na” / K” -ATPase stimulated by

ca.1.5 PM
Dye permeability decreased
LDLreceptor sues diminished

5’ -Nucleoridase inhibited
Na. / K‘ -ATPasc inhibited
HDL binding sites incre=d 5-

to lo-fold by IO-1OO pg/
rnL

LDL Uf)t.de and degradation
demased

LDL uptake decreased
Decreased glucose permeability

increased
LDL uptake and dcgradariors

&creased
LDL U-C and dcgtadadon

decreased

275
275
185
275
~~

127, 291-294

127, 293-298

127.293-298
290

290

268
299
290

268
299

1~~, 293_ 298
127, 293-298

191

191, 193

193
275

191, 193

[91, 193
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Intracellular functions may also be moderated by.-%
oxysterol effects on membranes. The incorporation of
the 3P ,7~-diol 3 into cultured rat hepatoma cells de-
creases membrane fluidity and aIso DNA biosynthesis
and HMGCOA reductase activity, whereas the wa[er-
soluble 3(3,7~-diol 3 3f3,7(3-dihemisuccinate does not
alter membrane fluidity nor HMGCOA reductase ac-
[ivity 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 a(tendant effects on
fluidity with HMGCOA reductase activity, DNA bio-
synthesis, and other intracellular functions is much
needed.

The effects of oxysterols acting on cei) membranes
may involve yet another fundamental process, that of
Caz’ metabolism. Oxysterols modulate Ca2+ influx
and efflux in cultured cells apparently by being incor-
porated into cell membranes. Indeed, toxicities of the
isomeric 5,6-epoxides 5 and 8 and 3~,5a,6&triol 6
on endothelial cells, V79 lung fibroblasts, and hepa-
tocytes are significantly reduced in cultures grown in
Caz+-deficient media, m However, more than one
mechanisms for Caz’ effects may exist.

_— The implication of intracellular Ca2+ as an intra-.- -m.
cellular “second” messenger of extracellular stimuli
is indicated here. In human etythrocytes (with blocked
Caz+-ejecting ATPase) Ca2+ influx and efflux is con-
trolled by adjustment of the ratio of membrane cho-
lesterol to phospholipid, a ratio above 1.4 giving
increased Ca2+ influx, a ratio below 0.75 causing a
decreased influx. Similar variations may be im-
posed by oxysterols, Ca2+ influx being increased by
the 3~,5cx,6&triol 6, (22 S)-cholest-5-ene-3 @,22-diol,
3~,5-dihydroxy-5 a-cholestan-6-one, and 3@-hydroxy -
5a-cholestan-7-one but decreased by the 3~,7&diol 3,
7-ketone 4, 3~,25-diol 7, and 3~,20-diol 10.nl-W In
rat hepatocytes and platelets the 7-ketone 4, 3P ,5a ,6&
triol 6, and 3~,26-diol f] stimulate Ca2+ influx, but
Ca~+ efflux is increased by the isomeric 5 ,6-epoxides
5 and 8.47~5 The 3~,25-dioi 7 increases Ca2+ uptake
into cultured murine P815 mastocytoma cells, ‘w

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 Caz + channels. ‘“w’ The same
kinds of effects may be had in phospholipid liposomes,
where uptake of Ca2+ is also affected by oxysterols,
the 3@,25-diol 7, 3$,26-diol 11, and 25-hydroxy Vi-

— tamin D, all increasing Caz+ uptake into liposomes.s— —-7.
Uptake of other divalent cations Mn2+, Mg2+, SF+,
and Ba2+ is also increased by the 3f3,25-diol 7.’05m

Physical chemical investigations of artificial bilayer

lipid membranes suggest that incorporation of oxy -

sterols into the membrane affects the po(ential energy
barrier to inorganic ion conduction through the mem-
brane as well as membrane fluidity and molecular
packing characteristics. lw Factors influencing ion

conductance in the “black lipid membrane” model
(containing oxidized cholesterol) include a negative
surface charge’l” and an increase in elasticity caused
by Ca2+, possibly adsorbed to the membrane oxysterols
by a chelation effect. 311The 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 it. J123f’

Oxysterols may interact with fatty acyl groups in
other ways as well. Thus, cholesterol and cholest-5-
ene-3f3,4&diol form cylindrical “myelin” tubes with
sodium oleate aqueous solutions but the 3f3,25-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 Ca2+ metabolism
is via inhibition of the protein calmodulin implicated
in a variety of Ca2+-dependent events.@2m This inhi-
bition would have the effect of suppressing actions of
Ca2+ on intracellular processes, including the Ca2+-
calmodulin kinase inhibiting HMGCOA reductase and
thereby de novo sterol biosynthesis .31$-317This result
coupled with the other influences of oxysterols on
membrane function in Ca2+ 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-acyltransferase (ACAT), the cholesterol side-
chain cleavage cytochrome P-450K, system, choles-
terol 7a-hydrox ylase, 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 stcrol biosynthesis are like-
wise affected by oxysterois. 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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J- Hydroxy-3-me[hy”ig [utaryi Coenz.vme A
Reducfase (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-methy lglutaryl coenzyme A into
mevalonate by a four-electron reduction and is subject
to rapid regulation by phosphorylation315 -317and to a
slower multivalent feedback regulation .~1*-320

The reductase, together with cytosol acetoacet y]
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 biosynthesisJzl 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 oxysterois implicated as in-
hibitors of HMGCOA reductase activitys]322-332as well
as of three other cholesterogenic enzymes acetoacetyl
coenzyme A thiolase, JJJ-DSmevalonate kinase,]33 and
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HMGCOA synthase (EC 4, 1.3,5))33-]41 However, ox-

ysterol effects on HMGCOA reductase activity In
arthropods (tobacco homworm h4anducca sexra, fruit-

fly Drosophila melanogasrer) have not been dem-
onstrated.:4~~43

Two major interests devolve on these matters: I )
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 oxysterois 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 C2,-sterol 15-ketone derivatives,3u-3m but
side-chain substituted derivatives have also been
prepared .2w~l

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 ceils) is made in Table 10. Although most

Table 8. Oxysterols inhibition of U Novo Sterol Biosynthesis

Oxysteral Cell System Reference

Cholest-5-ene-3 fl.7@.diol 3 Guinea pig lymphocytes, 20 pg/rnL 362

3~- Hydroxycholest-5 -em-7-one 4 Human peripheral bbcxl mononuclear cells I 39
Human jejunum enterocytes, ca.50% inhibition at 20 IJM 363
MRC-5 Lung fibroblasts, 50% inhibition by 1.5 #g/ mL 364

Cholest-5-enc-3 f3,25diot 7 Huntats hairy cell leukemia. human peripheral blood mononuclear cells, 139. 14s3.365

HDW 0.08-0.5 ,uM; lymphacytea
Human mety smooth muscle cells 127

Human bone rrtan’ow granulacytic pragenitm cells, 89% inhibition by I 118

AM
Human fibroblasts, 1.25PM 119, 364

Human keratinncytea 364

Monkey anery smooth muscle cells 147. 148

Rabbit ileisl mucosa segments, 0.05-0.5 mM 367

Guinea pig lymphocytes. 20 #g/ rnL 362

Murine myoblaats 145, 160

Mouse L cells, 88% inhibition by 0.25 pg/mL 287

Swiss 3T3 mice cells. 10-50 nM 147, 265

Myoblasts, I gg/tnL 160

Epicutasteous application to Hr/Hr hairless mice 368

(20S)-CholeSt-5 -CtSe-3(3,20dioi Mouse L cells, 88% inhibition by 0.50 pg/ mL 287

!0
Cholest-5-ene-3~,22diol Human skin fibroblaata 369

5a-Chyolestane-3 @,5,6f3-tioi 6 Human artery smoattt muscle cells 127

Cholesta-5,7,9-trien-3 @Ol MRC-5 Lung tibroblaars. 50% inhibition by 2.S #g/ ti 364

5a-Lataost-8*ne-3 @,25diol IEC-6 Rat intestinal epittseliaf cells, IDm ca.O.1 PM 370

5a-Lanost-8etu-3$ ,32diol Mauaefibroblasta 37 I

25-Hydroxy-5a-lanost-8-cn-3-otte IEC-6 Rat intestinal epithelial cells, [D* ca.O.5 PM 370

3~-Hydroxy-5a-lartost-8<rr-32-al Mouse tMrroMasta 371

24,25-Epoxy-5a-( 24S)-lanoat-8- JEC-6 Rat intestinal epitheliaf cells, U3s ca.O.3 gM 370

en-3@A
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Table 9 Inhibition of HMGCOA Reductase In Vitro by oxysterols
_+=+=.._

Oxysterol Cell System Inhibition Reference

Cholest-5-ene-3~ ,7a-diol 2
Cholcst-5-ene-3f3 ,7~-diol 3
3~-Hydroxychoiest-5 -en-7-one 4

(20S)-Choiest-5 -ene-3~-20-diol (/0)

(22S)-Cholest-5-ene- 3~,22-diol

(~3R).chole~~-5 .ene.3@,234iol

(23S)-Cholest-5-ene-3 ~,23-diol

(24R)-Choiest-5-ene-3 ~,24diol

(~4s).chole~t.5<ne.3~ .24-dioi

Cholest-5<rse-3 )3,25diol 7

(25R)-Cholest-5-cne-3 @,26401 11

(25S)-Cholest-5-cne- 3f3.26-diol
24,25 -Epoxy -(24S)-cholest-5 -cn-3~-ol

(13)
3f3-Hydroxy-5a-choiestan-&one
5a-Cholestanc-3 ,6-diorre
Cholesta-5,20f22 )-dierse-3~ ,2Sdioi

..-= Choiesta-5,23dlene-3~ ,25-diol
Cholesta-5 ,20( 22)diersc-3@ ,25diol

26-Norcholest-5-en-3@l
3f3-Hy@xycholest.5 -en-22-ona

Mouse fibrobiasts
Mouse fibroblasts
Human Iymphoid cells
Human lymphocytes

Human tibroblasts
HeLa cells
Glial cells
Lung MRC-5 fibroblasts
Rabbit ilcal mucosa
Chinese hamster ovary CHO-K I cells
Rat liver cells
Rat embryo fibroblasts
Mouse fibroblasts
Rat embryo fibroblasts
Mouse fibroblasts
Human lymphoc~es

Human lymphocytes
Rat emb~o fibroblasts
Human lymphocytes
Rat embryo tibroblasts
Human lymphocytes

Human lymphocytes

Human aorta smooth muscle cells
Human lymphocytes
Human keratinocfies
Human glioma cells
Human fibroblaats
HeLa cells
Vascular endothelium cells
J774 macrophages
Fibrobksta
Dog ileal mucosa segments
Chinese hamster ovary CHO cells
Chinese hamster ovary CHO, TR-74

cells
Chinese hamster ovary CHO-KI cells
Chinese hamster ovary UT- 1 cells

Rat hepatocytes
Rat C-6 glioma
Rat embryo fibmblasts

Ratembryo h myoblaats

Rat K-6 intestinal epithclial cells

Mouse fibroblasts
Mouse thymOCYeS
Mouse P388D, macruphage-like cells
chicken myoblasts
Human lymphocytes
Chinese hamster ovary CHO-K1 cells
Mouse tibtoblasta
Mouse tibmblasts
Mou.u fibrrrblasts

IDM 2.5 ,uM
[DM 19-2.7 PM
83% by 5 ~g/mL
61% by5~g/mL;

98’% by 25 ~g/mL
5 #g/mL
58% by 1 //g/mL
Inhibition
IDM 1.25 //g/r&
0.0 S-0 5 mM
lDM 1.5 gM
[Dm 1 5AM
93.5% by 6/,sM
IDW 1.7-2,5 AM
93.l%by6pM
IDw 0,30- 1.5 gM
67% at 5 pg/mL;

95% at 25 pg/mL
35% by 5 Ag/mL
67% by 6PM
89% by 5 /ig/mL
92.9% by 6PM
85% at 5 ~g/mL:

%% at 25 pg/mL
87% at 5 pgfmL;

97% at 25 ygiti
80% at i ~g/mL
93-95% at 5 flg/mL
84% by 1.25 PM
Inhibition
5 JsglmL
78.5% by I #g/mL
90% at 2 Ag/mL
0.3 #g/mL
0.1#g/mL
100jIg/mL
50% by 0.1 #g/mL
Inhibition by I #g/

mL
80% at 0.25 PM
50% by ca.O. 1 pgl

mL
50% by 50AM
2.5 PM
93.6% by 2.5 /sgl

nrL
Inhibition by 0.16

/Ig/mL
50% by ca.O.l pg/

ti
lDyj 0.05-0.17AM
lD~ ca.4 AM
2.5 KM
80% by 5 flg/rnL
%% by 5 gg/mL
36% at 0.25PM
lDM 0.26PM
ID* 0.16 PM
lDS ca.350 ng/mL

Mouse fsbroblasta [Dja 0. S-1 :5 PM
MOW? fibroblasta ID- 0.8 AM
Ratembryo fibrokslaats 93.8% at 6PM
Hunrarr lymphocytes 95% at 5 Ag/nsL
Human lymphocytes 68% at 5 4g/trdA

84% at 25 pglntL
Human lymphocytes 89% at 5 pglmL
Human lymphocytes 51% at 5 #g/mL;

%% at 25 pglrrsf.

71, 355, 357, 372
71.355, 357, 372

373
153

374

336

375

364

367

376
377

137
71, 355, 357, 372

137
71, 372

141

141, 378

137

141.378
I 37
141

141

127, 147
141, 153

365
379

374, 380
336
19[
193
193
384
382
383

337, 384-386
341

387, 388
122

137, 149

145

389

71, 372.390, 391
392
393

339, 340
141

37, 386, 394
71
71

391, 395

71, 372
71

137
141
141

141
141
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Table 9 (Corrtlnued)

Oxysterol Cell System Inhibition Reference

25-Fiuoro-( 22S)-cholcs[-5 -ene.3p,22.diol

25-Methyl-{ 22S)-cholest-5-ene-3 ~.22diol
~~~S). ~6,~7-Cyclwholest-5 -ene.38. ~?-diOi
Ja. Lanost.7.ene.3~,3 ~.diol

5a- Lanost8-ene-3f3.25 -diol
?4,25-Epoxy-Sa -(24 R)-lanost-8-en- 3~-ol
24,25 -Epoxy -5a-f 24S)-lanost-8-en- 3~-ol
25-Hydroxy-5a -lanost-8-en-3-one.

(24f)-5a-Lanosta-8 .25-diene-3p .24-diol
(24&)-5a.9~-9, i9-Cyclolanos~a-8,25-

diene-3~,24-diol
(5Z.7E)-9, 10-Secocholes[a-5 .7-diene-

3~,~5.diol

(5Z,7E,24R)-9, 10-Sccocholesta-5,7 -diene-
3p.~4,~$tnol

(5Z.7E)-9, 10-Secocholesta-5 ,7-diene-
lQ.3B.25-triol

Human fibrobiasts
Cultured monkey smooth muscle

cells
Human fibroblasts
Human tibroblasts
Human lymphocytes
[EC-6 Rat intestinal epithelial ceils
[EC-6 Rat intestinal eplihelial ceils
[EC-6 Rat mtestmal epttheiial ceils
IEC.6 Rat intestinal epithelial cells
Human lymphocytes
Human lymphocytes

Human lymphocytes

Human lymphocytes

Human lymphocytes

>95% by I pg; mL
0.25 pgmL

95T by 1 pg mL
>95’% by I pg/mL
59’? II 25 ~M
IDv 0.085 YM
IDwca. O 2 ,uM
IDW ca.O.25 PM
IDw 0.418 PM
93% al 5 #g/mL
99% at 5 #glmL

63% at 5 pg/mL;
93% at 25 pg/ mL

I%% at 5 pg/mL,
93% at 25 #g/mL

20% at 5 #g/mL;
20% at 25 #g/mL.

299, 361
?99

31jI

36 I

370, ;;. 398
370, 397.398
370, 397, 398
370, 397, 398

141
141

141

141

1’41

.

Table 10. Synthetic Oxyslerols Inhibitory Actions in Mouse Fibroblasts (L-Ceils)

Sterol HMGCOA
Biosynthesis, Reductasc.

Ox ysterol IDn, PM IDW, #M* Reference

CJsolest-5-ene-3~, 19-diol
(2~R).Choiest.5 .ene.3~,22-diol

(22S)-Cholest-5-ene-3 f3.22-diol
(24 R)-Cholest-5-enc- 313,24-diol
(2&S)-Cholest-5-cne-3 ~.24diol
14ct-Hydroxymethy l-5a -cholest-6-cn-3 i3-ol
i4a-Hydroxymethy l-5a -cholesb7-en-3@@l
14a- Hydroxymethyl-5 a-cholest-8-cn- 3~-ol
5a-Choiest-7-ene- 3~, I la-diol
5a-Cholest-7-cne-3 ~.14a-diol
5a-Cholest-7-enc- 3~. 15a-diol
5a-Cholestane-3f!. 15a-dioi
(20S)-27-Norcholesb5 -cne-3~.20-diol
27-Norcholest-5-enc-3 ~,25-diol
(20Sb26,27-Bisnorcholest-5-cm-313,20-diol
(20S)-Chol-5-ene-3~ ,20-diol
5a, 14@Cholest-7-cnc-3 f3,15adiol
15~-Methyl-5a, 14$cholest-7*ne-3 f3, 15a4iol
11a-Hydroxy-5aAolest-7 -cn-3-otrc
14a-Hydroxy-5a-cholest-7 -en-3-one
14a-Hydroxymcthy i-5a-cholest-6-cn-3 -ortc
14a-Hydroxymcthy l-5a-cholest-7<n-3 -aw
15a-Hydroxy-5a-cholest-7 -en-3-one
15a-Hydroxy-5a-cholestart-3-onc
25-Hydroxycholest-4-cn-3 -one
3~-Hydroxy-5a-chalest-8 -en-7anc
3&Hydroxy-5a<hokst-8-cn- I I au
3~-Hydroxy-5a-cholcst-9( 1I )-en- 12-onc
3f3-Hydroxy-5a-choIcst-8( 14)-cn- 15-onc (I2 )
3(3-Hydroxycholcst-5 ac-22-onc
3~-Hydroxycholest-5 -cn-24-ossc
25-Hydroxycholcsta-4,6-dicn-3-onc
25-Hydraxycholesta-3,5 -dicn-7mnc
5a-Cholcst-9( 1I )-cnc-3. 12-dionc
5a-Cholcst-8( 14)-cnc-3. 15-dionc
9a, 11a-Epaxy-5a-cholcst-7 -cn-3f3-oi
14a,15a-Epaxy-5 a-cholestan-3fl-ol
24,25 -Epexy-(24R)<holcst-5 -cn-3~-ol (1-?)
24,25 -Epoxy -(24S)-cholcst-5 -en-3 f3-oI

—
—
—
—

0-2
2.0
4.0
—

7.0
—
—
—
—
—
—
3.2
3.0

5-0
0.8
4.0
—
—
—
—
—
—
0.1
—
—
—
—
—
—
—
5.0
—
.

2.7
8.2
1.9
0.63
0.78

0.5-0.82
3.3
6.8
0.55
5.0
0.50
0.50
0.77
0.86
1.2
9.7
6.7
3.0
0.50
8.0
I .0
2.0
0.41
0.80
3.5
1.1
9.0
1.0

0.1-0.3
1.4-3.2

1.0
1.8

10
I .0
0.11
2.3
4,0
1.57
0.89

71
71
71

395
395

71, 348
348.399

348
71

95, 4al
71
71
71
71
71
71

358
358
71

95, 4a3
348
348

71
71
71

357
357
71

71, 95, 372
71, 372

71
71
71
71

3:+
95

395
391, 395, 401
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Sterol HMGCOA
Biosynthesis, Reduc!ase.

OxysIerol [Dn. 4M IDW. KM* Reference

5a -Choles~ane-3fjt. 14a, 15~-triol
3~.25-Dlhvdroxycholesl- 5-en-7-one
3P .9a- Dlhydroxy-5a-cholest-8( 14)-en- 15-one
3~, 14a-Dlhydroxy-5 a-choleslan-l 5-one
14a-Hydroxy-5a-cholestanc-3.l.?dione
]p-Hydroxy-5a-cholest-8( 14)-en-15-one (/~ ) oxime
5a-Cholest-8( 14)-en- 15-one
7a, 15(3-Dichloro-5a-choles; -8( 14)-en.3@ol
7a, 15(3-Dtchloro-5a-cholest-8( 14)-en.3f3-ol 3@enzoate
9a-Fluoro-3~-hydroxy -5a-cholesl-8( 14)-en- 15-one
9a-Fluoro-5a -cholest-8( 14)-ene-3. 15-dione
4,4- Dlmehtylcholest-5 -ene-3~.7a-dioI
4,4. Dunethylchoiest-5-ene-3~.7~-diol
4.4-Dlmethyl-5a -cholest-7-ene-3 ~.15a-diol
4.4-Dlmethyl-5a -cholest-8-ene-3@. [ 5(3diol
3p-Hydroxy-4,4-dimethy lcholesl-5-en-7 -one
3~-Hydmxy-4.4-dimethy [-5a -cholest-8( 14)-en- 15-one
14a-Hydroxymethy l-5a-cholest-7-ene- 3~. 15a-diol
14a-Hydroxymethy l-5a 4aiest-6-ene-3~, 15adiol
15a-Hydmxy- 14a-hydraxymethy l-5a .cholest-7-en-3 -one
14a- Methyl- 5a<holestane-3@ .7a, 15a-triol
5a-Lanostane-3~ .9a-diol
5a-Lanost-7-enc- 3~. 15a-diol
5a-Lanost-7-ene3~. 15~-diol
5a- Lanast-6-erse-3f3,32dioi
5a-Lanosl-7-enc-3 f3.32-diol
5a-Lanost-8-ene -3f3,32-diol
32-Me[hyl-5a-ksrrost-7-ene-3f3, 15a-diol
9a-Hydroxy-5a-lanostan-3 ~txe
3~-Hydroxy-5a-lanost-7a- 15-one
25,25 -Epaxy-5a-(24R)-lanost-8 -en- 3~-ol
24.25 -Epasy-5a-(24S) -lanast-8-en-3~-ol
7a,32-Epaxy-5a4,4-bisnor[anostan-3fJ-ol
7a .32-Epoxy -5a4,4-bisnorianostane-3~, 15adiol

4,8
—
—

2.0
5.5
0.7
1.0
~

;.2
02
—
—

0.05
<1
—

0.05
0.2
0.7
0.8
0.7
3. I
0.05
<1
—
—
—
—

3.4
<1
.
—

0.8
9

—t
0.48
040
—+
—t
0.2
3.0
0.6
0.6

O-JO

15-1.7
1.5-1.7

—
—
15
—

0.4
0.5
I .0
2.0
I .0
—
—

044
1.0- 1.7

0.70-2,5
0.20
3.0
—

1.60
0.68
3.0
>74

95
71

7[, 346
95
95
95

354
344
344
346

71.346
71, 355, 357
71, 355, 357

350
350

71, 355, 357
350
348
348
348
348
349
350
350
71

71, 372
71, 371, 372

71
349
350
395
395
348
348

“Cornuansondab for the 3B.7a4iol ?. 2.5 MM; 3B.7&diol 3. 1.9-2.7 JIM; 7-kerone4. 1.7YM.]~S‘~~
+Nw ~cuveat highesrdose“~stedW

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 Cjo-sterols to C2T-sterols’s2discussed
later in this review and enzymes affecting Cz7-sterol
trarlSformations .3S’~z It is crucially important to note
that these actions of oxysterols 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 3&hydrox yl group characterizes most, there
is diminished activity in some but not all 3j3-es-

.-. ters. 3-40z Moreover, a C-3 substituent is not necessaty.
5a-cholest-8( 14)-en-15-one (but not 5a-cholest-8( 14)-
ene-7a, 15a-diol) being inhibitory. The 3a-chloro-5a-
cholest-8( 14)-en- 15-one is also inactive .’l’w Increased

inhibitory activity is generally had for oxysterols with
a greater spatial separation between the C-3 and second
oxygen function, thus with oxygen function in the D-
ring or side-chain. JZ2.323A03 However, the meanS by

which oxysterol be presented cultured cells,wa~ dif-
ferential uptake of oxysterol by cultured cells,326vary-
ing cell densities during bioassay ,ti 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 12 which ef-
fectively inhibits HMGCOA reductase activity and de
novo sterol biosynthesis in vitro and displays an in

vivo hypocholesteroie mic action in rats, rhesus mon-
keys, and baboons 53,9s.]5~A0s-iII but a]so may reduce

intestinal absorption of dietary cholesterol’lz and pro-
voke toxic effects of appetite and weight loss in rats
fed the oxysterol.s~

Indeed, the 15-ketone f2 has a potential advantage
of being metabolized to cholesterol both in vitroJ13and
in v1vo,dld41~a metabolic fate also shared by another

de novo sterol biosynthesis inhibitor 5a, 14~-cholest-
7-ene-3(3,15a-diol.4[b

The 15-ketone 12 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 12 is esterified. Jejunum ACAT is more sen-

sitive to inhibition by 12 than liver ACAT.417The in-
hibition is also achieved in vivo. ”a These results may
account for the diminished intestinal absorption of di-
etary cholesterol on rats fed 0.05% 15-ketone 12.412
The stimulated action of jejunum ACAT on 15-ketone
/2 also provides basis for the metabolism of 15-ketone
12 to fatty acyl esters in animals fed the oxysteroi.41441f

Of side-chain variant oxysterols 25-fluoro-(22S)-
cholest-5-ene-3 ~,22-diol and 25-methyl-( 22S)-cho-
lest-5 -ene-3~,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.2w’bl Liver homog-
enates from mice fed the degraded cholesterol autox-
idation product pregn-5-en-3&d (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-3&ol but not cholesta-5 ,7-dien-3&ol nor 5a-
cholesta-7,9-dien-3 &ol is inhibitory .3@ Also, other
unoxidized cholesterol derivatives may suppress
HMGCOA reductase and de novo sterol biosynthesis;
water soluble cholesterol polyoxyethyl ethers (10 PM)

inhibit HMGCOA reductase and de novo sterol bio-
synthesis in cultured human skin fibroblasts but also
interfere with de novo fatty acid biosynthesis, thus

Involving different modes of action than oxysterols

which do not affect fatty ac]d metabolism. ”q 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.’20 An analogue cholesterol methoxypolyoxyethyl

ether inhibits HMGCOA reductase of cultured rat liver

cells ([DJo 2.5 AM); 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. ’77
Water soluble cholesterol 3&sulfate also suppresses

HMGCOA reductase activity in cultured human fibro-
blasts. ]w As oxysterols,, cholesterol 3~-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. [n 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
whe(her any one be the sole agent implicated in vivo
or whether oxysterol, cholesterol, and cholesterol 3~-
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 Ianosteroi derivativesfzi suggests
that C27-oxysterois such as the 3&25 -dioi 7 formed
from cholesterol and desmosteroi 24,25 -epoxide (/3)
derived from (3 S,22S)-squaiene 2,3;22,23-bisepoxide
serve as endogenous regulators of HMGCOA reductase
activity through initial interaction with an intracellular
protein, the “oxysterol binding protein”, foilowed by
action of the protein-bound oxysteroi at or in the ceii
nucieus to suppress de novo synthesis of HMGCOA
reduc[ase 4224Z3The hypothesis is outlined in Figure 2.

The putative regulatory system is iikened to those
implicated in the actions of mammaiian Cla-, ClS-, and
CII-steroid hormones where simiiar interactions with
intraceiitdar 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-
maiian steroid hormones exert their actions and the
oxysteroi inhibition of de novo steroi biosynthesis have
been noted. ~92These matters remain highly speculative
but offer stimulating opportunities for further exami-
nation of the mechanisms by which oxysterois affect
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Fig. 2. S[eps implicated in the oxysterol regulato~ hypothesis. Abbreviations: HMG COA, 3-hydroxy-3-mechy lgluraryl cocnzyme
A: MVA,mevalonam.

cellular processes and for understanding the physio-
logical significance of the presence of endogenous ox-
ysterols in vivo.

The oxysteroi regulatory hypothesis poses that the
selected putative regulatory oxysterols 3(3,25-diol 7
and 24,25 -epoxide 13 be formed within the target cell,
thus as a local hormone, but the hypothesis may also
include plasma oxysterois as possible agents, thus as
true hormones. As plasma levels of oxysterols exceed
those suggested as regulatory, if plasma oxysterols be
implicated, necessarilyy 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 biosynthesis424”42sand by
actions of cytochrome P450 mixed function oxidases
catalyzing sterol hydroxylation and oxidative scission
of the 4- and 14-methyl groups of CW-ster-
Ols 130.331.19s.426-429 Also implicated is an alternative de

riovo sterol biosynthesis pathway in which (3S,22S)-
.K—-. squalene 2,3;22 ,23-bisepoxide derived from (3S)-

squalene 2,3-epoxide 330.131.389.397,429cyclize~ to the

lanosrerol epoxide 24,25 -epoxy -5a-( 24S)-lanost-8-
en-3~-ol, from which the desmosterol epoxide f3 is

formed .39J’~431 These processes thus implicate the
3~,25-diol 7 and the 24,25 -epoxide 13432-436(detected
in human livepgsat) and the 32-aldehydes 3~-hydroxy -
5a-lanost-8-en-32 -alJ%4J743*and 3(3-hydroxy-5cs-lan-
osta-8 ,24-dien-32-a1371 (lanosterol metabolizes and cho-
lesterol precursors) as regulatory oxysterols.

The 3(3,25 -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 3f3,25-diol 7 ap-
pears to motivate much of the work directed at these
aspects, but physical properties of the 3P ,25-diol 7 in
water may be important. The 3P ,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 AM), thus in distinction to
cholesterol where micellar associations occur (critical
micellar concentration 13.0 -64.8 AM). W These prop-
erties suggest that the 3P ,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.as

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,Lother endog-
enous oxysterols such as the 3~,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 3~,26-diol // exceeded the inhibitory potency
of the 3(3,25 -diol 7, inhibiting 36% versus 209i0 at

0.25 PM, J7’E63W An ad hoc argument that the 3@,26-

diol // cannot account for the inhibitory actions of
plasma LDL in vitro has been made, despite high levels
of the 3(3,26 -diol /1 in human plasma and its high
inhibitory potency, i39 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 3~,25-
diol 7 and 24,25 -epoxide f3 as the active oxysterols
in cultured cells .37(391W This close association of
3(3,25 -diol 7 with 24,25 -epoxide 13 has led to the ad-
ditional speculation that the 3f3,25-diol 7 be a metab-
oiite of 24,25 -epoxide. 13 However, this transforma-
tion has not been demonstrated, and liver metabolism
of isomeric 24,25 -epoxides 24,25 -epoxy -5a-( 24R)-
lanost-8-en-3&ol and 24,25 -epoxy-( 24 R)-cholest-5-
en-3@-ol yields the corresponding 3f3,24-diols
5a-( 24 R)-lanost-8-ene-3 ~,24-diol and (24 R)-cholest-
5-ene-3~,24-diol .J9$U1 Moreover, the 3@,25-diol 7
has an established origin in the enzymic 25-hydroxy -
lation of cholesterol and is also a cholesterol autoxi-
dation product present in cholesterol-rich processed
foods. The 24,25 -epoxide f3 as an end-product of the
alternative de novo sterol biosynthesis pathway from
(3S,22S)-squa1ene 2,3;22,23-bisepoxide is also an
autoxidation product of desmosteroi. ~z

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 3@,25-diol 7,
3(3,20-dioi 10, (20R,22S)-cholest-5 -ene-3~,22-diol,
and (20 R,22R)-cholest-5 -ene-3~,22-diol)U3W and rat
Iiver (binding the 3@,7-diols2 and3 and 7-ketone 4),w5
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 ceil 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.” 37z]7*q-u9 SimiIar 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 (23 R)-cholest-5-ene -3~,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 3@,25-diol
7,137 .[53.378

These oxysteroi binding proteins are different from
the recognized intracellular sterol binding proteins and
receptor proteins for Cl~-, Clg-, and CII-steroid
hormones37*U7 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 oxysterois. 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 oxysteroi and looses a subunit,
yielding a oxysterol-dimeric protein complex (7.5S,
M, 169,000) that may be further dissociated irrevers-
ibly to a 4.2S subunit of M, 97,)t30,wz4~0-~~4

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 Iiver.’ss 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 oxysteroi receptors implicated in endog-
enous regulation of de novo sterol biosynthesis by ox-
ysterols. 452.w Intrace]lu]~ levels of sterol carrier

protein implicated in cholesterol biosynthesis and me-
tabolism also appear to be increased in cultured human
fibroblasts by the 3~,25-diol 7.4%

On another note, reversible phosphorylation accords
rapid modulation of HMGCOA reductase activity, the

phosphorylated enzyme being deactivated. As many as
three different phosphoryiation systems are implicated:
a bicyclic cascade involving reductase kinase and re-
ductase kinase kinase, protein kinase C, and a Ca: +/
calmodulin-dependent reductase kinase.31s-31733J4~7~~8
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 Caz + 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
Dhosuhonlation of enzymes important to cholesterol..-
metabolism,
droxylase.459

thus of ACAT and cholesterol 7a-hy -
Phosphorylation and dephosphorylation
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of the three enzymes appears to provide a basis for

n.
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 reduc[ase activity. The oxy -
sterol actions occur only in intact cells and not in

enucleated cells, W Oxysterol-resistant mutant cul-

turedce[ls have been isolated, it being evident that oxy -

sterol resistance be a dominant selectable genetic
trait. 33]337138’82‘61-W Intracellular proteins are impli-
cated in oxysterol modulation of de novo sterol bio-
synthesis, ~5b~d5and de novo protein biosynthesis is
involved in the regulation of cellular HMGCOA re-
ductase activity by oxysterols, both for enzyme syn-
thesis and degradation. 145,337-141,377,383-3s5 464-470

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 .377ti9472.473Nonetheless,
translational control may also occur in some cir-
cumstances .33934U3*

.~% Cholesterol homeostasis appears to be influenced
by several coordinated actions of oxysterols, including
suppressed HMGCOA reductase and LDL receptor ac-
tivities and concomitant increased degradation of
HMGCOA reductase accompanied by inhibition of
HMGCOA synthase activity. 338-34 i,377,382,383.470 [n 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, 3Z$333However, the broad oxysterol structure-
activity relationships, implications of membrane phe-
nomena, protein phosphorylat ion, and Ca2+ 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 Ca2+ fluxes affecting enzymic phosphorylation;
2) reductase phosphorylation by Ca2+ /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-acyltransferase

(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. 474Together the two enzymes control de novo
sterol biosynthesis and steroi metabolism. and oxy -
sterols affect both processes. although by different
mechanisms.

Oxysterol effects on ACAT are summarized in Table
11. The stimulator 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 .3q3~6bJ914g34wNonethe-
less, the effect has been suggested to be one of in-

4s0 However, ox YsterOIS Cfo notcreasing ACAT activity.
affect changes in ACAT properties K. and V~,x.49s The

increased substrate availability may be from an in-
creased uptake of exogenous cholesterol into cultured
cells.47s

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.48~

However, ACAT activity is sensitive to the imme-
diate lipid environment within the endoplasmic retic-
ulum, both stimulator and inhibitory effects occurring
depending on membrane lipid composition. Increased
lipid peroxidation of the microsomes does not appear
to be a significant factor. w Improving substrate avail-

ability by use of aqueous cholesterol dispersions in
detergent increases ACAT activity,4g7 and decreasing
substrate availability by prior transformation of micro-
somal cholesterol to the 3-ketone 9 by cholesterol ox-
idase diminishes ACAT activity .4ss 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 499.500 nor from mufine macro-

phage-like cells, 393it being reasoned that ACAT in
these cases be already saturated with sterol substrate
so that oxysterol stimulation not occur. The specific
oxysterol 3~,25-diol 7 does not have an effect on in-
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Table 11 Ox ysterol Effects on Acyl Coenzyme .4. Cholesterol O- Acyltransferase (EC 2.3 I 26)
——

Effec[ on Sterol
Oxysteroi Bioassay SysIem Estenficauon Reference

3~-Hydroxycholest-en-7 -one 4

(22S)-Cholest-5-ene-3~ ,22-diol

Cholest-5-ene-3 (3.25-diol 7

2S-Fhaoro-(22S) -cholest-5-ene-3 f3,22-
diol

Pregn-5-en-3@-ol
Andrast-5-en-3~-ol
3(3-Hydroxy- 17~-mohcxyloxyandrost-

5-en-7-one (SC3 1769)
5a-Lanost-8-ene-3 ~,15a-diol
5a-Lanost-8-ene-3 f3.15(3-dioi
5a-Lanost-8-ene-3 ~,25-diol
24.25 -Epoxy -5a-( 24R)-lanost-8-en-

3!3-01
24,25 -Epoxy -5a-( 24S)-lanost-8-en-

3p -01

Human FH fibmblasts GM 1915
Cultured rat hepatocytes

Human skin fibroblasts. monkey
artery smooth muscle cells

Human mon~yte-derived
macrophages

Preconfluent human keratinocytes

Human CaCo-2 enterocytes
Bovine vascular endothelium

Rabbit jejunum explants
Rabbit enterocytes
Rabbit intestinal microsomes

Chinese hamster ovary cells
Cultured rat hepatocytes

Rat intestinal epitheliums IEC-6 cells
Intestinal explants
Rat hepatlc microsomes in vitro

Murine microphage-like cells
BALB/ c Mouse fibroblaats
Mouse P388D, microphage-like cells
,Mouse peritoneal macrophages

Human skin fibroblaats, monkey
anew smooth muscle cells

Rat liver microsomes
Rat liver microsomes
Micrasornes in vitro

Rat liver S,0 homogenate
Rat liver S,0 homogenate
Rat intestinal epitheliums IEC-6 cells
Rat intestinal epitheliums lEC-6 cells

Rat intestinal epitheliums IEC-6 cells

Stimulation by 12.5 PM
Stimulation by IO pg/

mL
Inhibition

Stimulation by IO ~g/
mL

Stimulation (4.8 -foid) by
2.5 ~M

Stimulation
Stimulation (3- to 4-fold)

by 2 pg/mL
Stimulation
Stimulation (5-fold)
Stimulation by 8-10 ~g/

mL
Stimulation
Stimulation (3- to 6-fold)

by 10 pg/mL
Stimulation by 2AM
Stimulation
Stimulation by 26-100

PM
Stimulation
Stimulation by 5 pg/mL
Stimulatiarr
Stimulation by 2-20 pg/

ML
Inhibition

Inhibition
Inhibition
hshibition

Stimulation
Stimulation by 54 ,uM
Stimulation by 2PM
Stimulation by 2PM

Stimulation by 2AM

_—__

testinal mucosal cell cytosolic cholesterol esterasc that
also esterifies cholesterol intracellularly. ”l

Moreover, some oxysterols inhibit ACAT activity.
Progesterone inhibits the enzyme, apparently by bind-
ing to the enzyme at a site remote from the active
slte,iss.ds6.d~(22 S)-Cholest-5-ene- 3f3,22-diol and other

synthetic oxysterols also inhibit ACAT. ’36’4W The
(22 S)-3(3 ,22-diol concomitantly reduced de novo
sterol biosynthesis, inhibited sterol esterification, and
diminished the number of plasma membrane LDL re-
ceptors in cultured cells. Zw.J61The 15-ketone f2 that

effectively inhibits HMGCOA reductase also inhibits
liver and jejunum microsomal ACAT in vitro and in
vivo! 417.41:

Stimulator 3(3,25-diol 7 is itself also esteri-
fied,4*6’49sbut there is some question whether the en-
zyme implicated be ACAT.4a9495’nl A similar case

475
388

?)9, 361, 369

476

119

477
191

478
479-481
480, 481

482
388, 483

370
478

484-486

393, 487
488
393
156

299, 361

489
.$90
484

49 I
491
370
370

370

obtains for 5a-lanost-8-ene-3~, 15(3-diol which is es-
terified at both hydroxyl groups by liver enzymes and
which stimulates sterol esterification.491 The 15-ketone
12 is itself esterified in vitro’”’l’ and in vivo in a
baboon fed the oxysterol.41~

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 aiso
are influenced by oxysterois. Among enzymes of steroi
metabolism are 3&hydroxysteroid dehydrogenase,
cholesterol 5 ,6-epoxide hydroiase, cholesterol 7a-hy -
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droxylase, the cholesterol side-chain cleavage system,
and methylsterol oxidases. Other enzymes affected are
placental Clq-steroid aromatase, 5’-nucleotidase, and

Na +1K‘ ATPase systems already discussed.

3~-h.vdroxysteroid dehydrogenase (EC 1.1.1. 14S ).

The enzyme is inhibited 51% in adrenal microsomes

from male rats fed the 3-ketone 9.~OzHowever, neither

cholesterol nor the 3~,20-diol 10 are good substrates

for the adrenal cortex enzyme,50’ so this in vivo in-
hibition is difficult to interpret.

Cholesterol 5 ,6-epo.ride hydrolase (EC’ 3.3.2.3). A
microsomal cholesterol 5 ,6-epoxide hydrolase differ-
ent from other epoxide hydrolyses present in lung and
liver is implicated in transforming either isomeric 5,6-
epoxide 5 or8 with equal facility to the 3~,5cs,6&triol
6.sO’sOsBoth 5,6-epoxides and trio] 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
3@,5a,6@iol 6 inhibition and is inhibited by the 7-
ketone 4, 3f3-hydroxy-5a-cholestan-6-one, and 3&hy -
droxy-5a-cholestan-7 -one. Either 5,6-epoxide 5 or 8
also inhibits the hydrolysis of the other.’’zwswsswsw
Besides inhibition by the 3~,5a,6~-triol 6 the isomeric
triols 5a-cholestane-3 @,5,6a-triol, 5f3-cholestane-
3(3,5,6a-triol, and 5~-cholestane-3 (3,5,6 @triol also
inhibit the hydrolase. s~

The synthetic oxysterols 5,6a-epoxy -5a-cholest-7-
en-3(3-ol and 5,6&epoxy -5(3-cholest-7-en-3&ol are
potent inhibitors of cholesterol 5,6-epoxide hydrolase,
apparently acting by covalently binding with the en-
zyme. ns The IDW 0.048 AM for the 5(3,6(3-epoxide
isomer is lower than that of 5,6a-imino-5a-cholestan-
3(3-01 (0.085 AM),M the best inhibitor heretofore. so’

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 to be the cytochrome P45&4 induced in rabbit
liver by cholestyramine. 311Among the oxysterol in-
hibitors are the enzyme product 3~,7a-diol 2, the epi-
meric 3@,7&diol 3, 7-ketone 4, and 3&hydroxychol-
5-enic acid, all formed in vitro and potentially in vivo,
these inhibiting the enzyme competitively .swsw

Product inhibition by 3@,7a-diol 2 during bioassay
may not be a limitation,sw and as elevated levels of
3(3, 7a-diol 2 in vivo appear to parallel levels of 7a-
hydroxylase activity,23 the inhibition may not be sig-
nificant in vivo. However, 3f3,7&diol 3 also formed
via lipid peroxidation of cholesterol in vivo is a more

effective (competitive) inhibitor (Kl 2,4 ,uM compared
to Km 140 PM for substrate cholesterol). sw

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 5a-
cholestane-3~,7 a-diol implicated in cholic acid bio-
synthesis is also catalyzed by a microsomal cytochrome
P450 enzyme subject to oxysterol competitive inhibi-
tions in vitro, ’10Effective oxysterol inhibitors included
5cs-cholestane-3 (3,7a-diol, 5a-cholestane-3 ~,7~,25-
trio], 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 3~.25-diol 7,.
inhibit later steps in cholic and chenodeoxycholic acids
biosynthesis by isolated rat hepatocytes.5i1

Cholesterol side-chain cleavage system (EC
1.14. 15.6). Scission of the isohexyl moiety of the
sterol side-chain by endocrine tissues yields 3~-hy -
droxypregn-5-en-20-mte (pregnenolone) required by
steroid hormone biosynthesis, 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,CCwith subsequent 22~~-hydroxylation
followed by 20a~-hydroxylation to (20 R,22R)-cholest-
5-ene-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 cN-
cial to the process. Oxysterols cholest-5-ene-3 ~,4&
diol, 3~,7a-diol 2, 3@,7&diol 3, 3@,20-diol 10,
(22 R)-cholest-5-ene-3 f3,22-diol, and 3~,25-diol 7 all
bind to adrenal cytochrome P450,CC,and all appear to

be substrates for metabolism. 279.J12-J17 The oxysterOl

3f3-hydroxycholest-5 -en-22-one also binds to cyto-
chrome P450,CCbut cannot be a substrate, thus is a
competitive inhibitor of the enzyme. s’~

The 3f.3,25-diol 7 is a good substrate for side-chain
cleavage319”smand in its study there arises an apparent
paradox. The 3P ,25-diol 7 inhibits pregnenolone for-
mation from exogenous (labeled) cholesterol in rat ad-
renal mitochondria in vitros” but stimulates production
from endogenous precursors in human fetal adrenal
mitochondria.5’9 In the first instance the 3~,25-diol 7
appears to be in competition with labeled substrate,
thereby decreasing labeled product formed, whereas in
the second case the 3B,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 3J3,20-diol fO with adrenal cortex, corpus lu-
teum, and placenta P450WCwhere labeled cholesterol
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substrate must compete with 3P.20-diol 10 also a
substrate .s~O-f22

Other oxidative side-chain cleavages are influenced

by oxysterols. The diminution of adrenoco~icotropin-
stimulated corticosterone levels in cultured rat adrenal
cells by (22 S)-cholest-5-ene-3 @,22-diol, 3(3-hydroxy -
cholest-5-en- 22-one, and (20 S)-cholest-5-ene -
3(3, 17a.20-triol may also occur by oxysterol inhibition

of the side-chain cleavage system, probably at the in-

itial sterol-enzyme binding interaction .524s2sBy con-
trast, the luteinizing hormone-stimulated increase in
testosterone production in cultured murine testis Ley -
dig cells is further increased by (22R)-cholew-5-ene-
3(3,22 -diol, Sz5and some rat Leydig cell cultures are
also stimulated by the 3(3,25-diol 7.526527Similar cases
exist in the gonadotropin-stimulated biosynthesis of
progesterone in cultured rat ovary Iuteal cellsJ31$32and
in the biosynthesis of 20-hydroxy-(20S) -pregn-4-en-3-
one in cultured rat ovary granulosa cells where exog-
enous 3j3,25-diol 7 stimulates an increase in prod-
ucts.’~

[t is uncertain whether the observed oxysterol stim-
ulations of C21-steroid biosynthesis result from mere
increased substrate levels represented by the exogenous
oxysterol or from an increase in enzyme activity.

The recent demonstration of cytoehrome P450,CCin
rat brain now provides a basis for the accumulation of
pregnenolone therein. SJ1.5~zThis discove~ taken with

our past demonstration of (24 S)-cholest-5-ene- 3@,24-
diol accumulation in developing rat brain’3 and inhi-
bition of cytochrome P450,..1 now offers speculatively
another potential reason for the presence of (24S)-cho-
lest-5 -ene-3@,24-diol in brain, namely modulation of
cytochrome P450,C, 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, particularity at those steps involved in the
transformation of Ianosterol to cholesterol. For in-
stance, methylsterols accumulate as products in guinea
pig lymphocytes cultures treated with the 3~,7&diol
3 or 3~,25-diol 7.J62

Oxysterols appear to limit the in vitro enzymic con-
version of Ianosterol or 5cx-lanost-8-en-3 &oI (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 AM 313,5cx,613-

triol 6 or 3(3 ,25-diol 7 has been reported.s33 Also, the
specific inhibition of the 4-methylsterol oxidase
by synthetic analogs 4-allenyl-5a-cholestan-3 &oi

(K, 54 u.M). 4u-cyanoethynyl-5 a-cholestan-3(3-ol (K,
45 ,u.M), and 4a-oxiranyl-5a-choIestan-3~-ol [K, [07

uM) is described. s~’

Furthermore, the 14a-methylsteroi oxidase system

is inhibited by Ianostane derivatives modified at the

14a-methyl feature. including 32-methylene-5rx-lan-

ost-7-en-3~-ol, 14-ethyny[-4,4-dimethy l-5a-cholest-

7-en-3 ~-ol, 32,32 -difluoro-5a-lanost-7 -en-3 ~-ol, 32-
difluoromethyl-5 a-lanost-7-en-3 ~-ol, 32-ethynyl-5~-
lanost-7-en-3&ol, 32-ethynyl-5a-lanost-7 -ene-3@,32-
diol, and 5a-lanost-7-ene-3@ ,32-diol. S3s

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 C30-sterols to
cholesterol have been devised. 53d-J3a[n 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 Cw-sterols to cholesterol
is indeed subject to inhibitions by oxystcrols.

It may be seen that several 15a-hydroxystero!s and
3&hydroxy-5a-lanost-8 -en-7-one are very effective
inhibitors of Ianosterol metabolism to cholesterol,
while other oxysterols are inactive. 3@-Hydroxy-5a-
lanost-8-en-7-one is also effective in iowering plasma
cholesterol in vivo when fed rats at a level of O.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 propeflies 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 important y 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 examples 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 Inhlbltlons of Cholesterol Biosynthesis from_—__-— .- Lanos(erol or 5a-Lanost-8-en-3 ~-ol*

Oxysterol Inhibition. % Reference

23.24 -Blsnorchol.5-en.3 @.ol
Chol-5-en-3(3-ol
23- Me(hylchol.5 .en.3~.ol
24-Methyl -26,27 -bisnorchoiest- 5-en-

3(3-01
27. Norcholest-5-en- 3~-ol
26-Methyl -27. norcholest-5-en- 3~-ol
Cholesterol
(22 R)-Cholest-5-ene-3 @.22-diol
(22S)-Choles[-5-ene-3~ .22-diol
Cholest-5-en-3~ .25-diol (7)
3f3-Hydroxycholest-5 -en-7-one (4)
3~-Hydroxy-5a-cholest.8( 14)-en- 15-

one
3~-Hydroxy- 14a-methyl-5 a-choles[-

7-en- I 5-one
3@-Hydroxycholest-5 -en-24-one
14a- Methyl-5 a-cholesl-7-ene.

3~.15a.d]ol

14a-Ethyl-3 f3-hydroxy-5a-cholesl-7-
en- I5-one

14a-Ethyl-5 a<holest-5-enc-3 ~.15a-
diol

14a-Ethyl-5 a-cholest-7-rre-3 (3.1S~-
diol

~4,~5.Epxy-(24R)-cholest-5 -en-3@i
~4,~5-Epxy-(24s)<holest.5 +n-39+1

(13)
5a-27 -Norlanost-8-en-3 P-ol

—
5a-( 24E)-27-Norlanosta-8 .24-dien-

39-01
5a-26,27 -Bisnorlanost-8 -en-3~-ol
5a-26,27 -Bisnorlmosta-8,24 -alien-

3$-01
5a-25,26,27 -Trisnoriatsoat-8 -en-3flal
5a-24,25,24,27 -Tetrakisnorlanoat-8-

cn-3(Ycd
5a-23 -Norlanosta-8,24-dien-3 ~-al
15{. Fluoo5a-larrost-7 <n-3~-oi
5cs-Lanost-7*n-3 &ol

5a-Lartost-8-en-3 f3-ol
5a-27 -Norianost-8-en-3@i
5a-Lanost-8<ne-3 ~,7a-diol
5a-Lanosta-8,24-dien-3 aai
5a-Lanosta-8,24dien-3 ~-oi
5a-Laasost-7*ne-3 (3,15adioi
5a-Lartost-7-ene-3 $,15&dioi
5a-(24R)-Lanoat-8*rsc-3@ ,24-diol
5a-( 24S)-Lanoat-8-ene-3 ~,24-diol
5a-Larsost-8ate-3 fl,25dlol
5a-( 22R)-Lanosta-8,24-dene-3 @,22-

dioi
5a-(22 S)-Lasrosta-8,244iene-3 ~,22-

diol
5a-Lanoata-8 ,24dierse-3@ ,26dicd
3p-Hydraxy-5a-ianosta-8 ,24-dien-2&

al
3& Hydroxy-5a-lanost-8 -en-7@tte
3~-Hydroxy-5a-lanost-7 +rr-15-otse
3f3-Hydroxy-5a-ianost-8a-24-otte
5a-Larrosta-8,24-dien-3-one
24 ,2S-Epoxy-5a-(24R)-iarrost-8+s-

_—__ 3p-oi
24.2S-Epoxy-5a-( 24Sklanost-8+n-

3p-oi

X5-Methyl-5a-27 -norfanost-8-en-3 &oi
26-Ethyi-5a-27-norlanost-8-en-3~-ol

6
3
5
7

6
~

~~

32
26
46
25

4~-154

48

4i
96

72

93

68

31
54

81
78

67
53

60
5i

52
61
18
i7
77
47
34
23
%
51
46
43

64-66
17

2i

75
0

98
87
43
16
55

61

19
9

539
539
539

539

539

539
540
54 I
541
540
54 I

158, 541,
542
542

541
542

542

542

542

541
54 I

540
540

540
540

540
540

540
542
542
537
537
S43
543
543
542
542
543

5.JY543
543

543

543
543

543
542
543
543
543

543

537
537

Table 12. (Continued)

Oxysteroi Inhibition, % Reference

~6,~6.D,me{hyl-5 a-27 -nor! most-8-en- 28 537
3p-oI

26-Ropyl-5a-27-norlanost-8 -en-3~-ol a 537
26-2’ -Propyl-5a-27-norlanos[ -8-en- 8 537

3p-ol
26-Butyl-5a-27-norianos! -8-en.3~-ol 1~ 537
26-Pentyl-5a-27-norianost -8-en- 3@-ol o 537
26-Hexyi-5a-27-norianost-8 -en-3~-ol o 537

‘Testedar43CMconcenrrauonsIII mt llver mmrxomai S.10enzymefract]on
!ncubanonsof Ianostemlor 5a-lanost.8-en-3B+l assubstrwe

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,
remains 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.

Tttt.ss, there are two different hypotheses implicated
in these divers results. The more established hypothesis
states that dietary andlor endogenously derived ox-
ysterols be cytotoxic and pose threat to human health
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,22S)-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
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exerting toxic effects in vitro. This distinction evinces
faith that results WIIhi cultured celIs have quantitative
physiological significance but ignores the complexity

of unsuspected in vivo effects in living systems. The
question whether IOWlevels 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 [N PROOF

A book dealing with biological activities of oxy -
sterols has been published:
Beck, J. P.; Crastes de Paulet, A., eds. Activitk biol-
ogiques des oxysterols. Paris: INSERM (Institut de la
Sant4 et de la Recherche Mddicale); 1987:319 pp.
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A Comparison of Hypocholesterolemic Activity of

;-Sitosterol and ~-Sitostanol in Rats’

\ilCHIl{InO 5UC.+.NO,’ HIDEMZU \tOn IOL\
~xo [K(JO [KEDA
Lubor{Jtory Of .~l~trit~otl Chcmtstry, Kyu.shu L’n]ccrs:t![

.Sc/Iooi o/ .4gricuiturc, FuLuoAa 31Z, Iapan

.+13STIL+CT Tlie hypocholesterolem]c ~cttvlty of ~-sltosterol .Ind Its llV-
clrog.ersated product, ~-sltost~nol ( dihvdrusitosterol or stigmasranoi ) has
bee~i compared m young maie rats. \\’hen c~la[esterol j~,as u-ic!uded in t!)u

diet. smmanol consistently e.xhllxted significantly greater hvpocholesterol -

emlc ocrrv Itv than sltosterul. There were no ~pparent differences m the
etiects of the sterol and the stanol on the concentration of liver cholesterol
and tngiycerlde. Increases in plasma trlglycertde due to feedinS sitosteroi
were not obser.md w~th sitostanol. Incorporation of dieta~ sltostanol mto
pimma, liver and other tissues was alivays ne Ilgible, and thus this stanol
\vas almost completely recovered in feces, \iv ile there was considerable

deposition of sltosterol ( meon fecal recoverv being 657. to 92rC ). The in.
crease in fecsl Ot.IQut of dietary cholesterol \vas signt~cantlv greater with the
sranol than wtth the sterol. There \vas no demonstrable” negative ei?ect on
gro~vth and weight of major \isceral tissues m rats fed the srerol as well as
the stanoL These observations together \wth hose reported previously
indicate that hydrogenation ot phytosterols is a novel approach to enhance
the]r hypocholesterolemic activities without influencing the relative safery
of the initial sterok. J. Xutr. 107:2011-2019, 1977.

INDEXING KEY WORDS sitosterol sitostanol plasma
cholesterol

The h!pocho[esterolernic action of phyto-
sterols m espenmental arsunais and man
has been known for many years. ~-Sito-
srerol is o cholesterol .lowersng compound
of modest to moderate efficacy, and seems
remarkably free of subjective side-effects
for the patient with h. ercholesterolemia

“!( 1). Use of a phytostero mixture contain-
ln~ considerable amount of campesteroi is
not recommended because of m appreci-
Jhle Incorporation of this sterol into plasma,
altho{l~h there is no e~~dence that campe-
$rerol IS more :Itherogenlc th~n ch~lcstcro]

I 2 ) Thus, it ~ppe:ws likely thnt tl~c pref -
crtwcc of phytosterols for use in the treat.
(rwnt of I\vl)crcholesterolemla ckpcnds on
tllclr chenltc;tl structures. Since there is
r! I,!,. !)(. P that piwlt stcrrds originating
fr)i,l tilt. diet mat Int[iatc dc\,rl{!p!ncfIt [If
illllll(llnat(ws ,Ind IIcrllilps ,lt]lcr{]l)l:l~~),

low leve15 of absorption” are desirnble, On
the other hand, few d~ta are avadab[e mdi -
catmg postabsor@ve effects of phytosterols
( 4). Hydrogenation of phytosterols to the
comesponding phytostanols results m a sIg.

nl~c~nt reduction in ~bsorptlon ( 5 ) sunllar
to the obsemation \vith cholesterol md
cholestanol (6).

Only Iimlted information IS avadable as
to the occurrence of stanols in plont sterol
fractions (7). Prelimln~rv e~perlments
shmvcd that commercial t;nhycfrogcnn[ed
\ccctal>le oils cnn!nlnc(l demon> trni)l(’
o(nollnts. up to 25% d’ tlw tot.]! Stcrt)l
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fraction was stanok. 7%e corresponding
value for ~-sltosterol preparations was 107c
to 15’7c. Since our previous experiments
demonstrated that In rats, the hypocholes-
terolemlc action of phytostanol mixmres
\vas demonstrably greater than that of plly -
tosterol mmtures ( 5), a comparison be.
nvee[l P-sltosterol and p.51tostanol \vas
made in the present study.

if.*~R[.4u .+ND METHODS

.lfateriufs. ~.sitosteroi J was repeatedly
recmstallizefj from ●thyl acetate until over
987c puritv as the sterols was achie~’ed as
measured ‘ by gas-liquid chromatography
( CLC ). The composition of the steroi frac.
tion of this preparation was 93T0 P-sito-
sterol and 7~0 campesterol. Capillary col.
umn C LC revealed the occurrence of
>tnm-rls in this preparation (0.5% campe.
stanoi and 12.5v0 sitostanol ). I+ydxogerra.
IIrm of ~.s~tustcroi was performed as rc.
portcfi prcwnusiv (5). TIIC purity of the
[>rf~(il(ct iv:]! ~]lpc~e~ by llll~lc~r m~cne~i~
rri(itl,in(.c sp(,ctr[}r]lct~,* hv :\~”-[hil).layer

chromatography ( TLC) ( 8 ) and by CLC
~r~; lass capdl~ column ( 5). Judging

t LC and TLC analyses, the hydro-
genated compound still contained approxi-
mately 3% of the unhydrogenated sterols,
and the ap arent composition of the re.

Iduction pro ucts IVM 93z- P.sitostanol and
7 ‘C campestanoi.

.+rrimc/s and diets. \!ale Wistar rats ob-
tained from a commercial breeder’ and
~i,elghing ~j to 11j g were used throu bout

fthe experiment. The composition o the
basal diet was (in ‘1 ) (5): Vitamin free
casein$~ lo: mineral mi~re, ~: ,lt~min
ml~ttlre. 1; choiine chloride. 0.15: cellulose
pmvder.’ 4 and sucrose to 100. The mtzmirr
( trater soiublc ‘I ,~nci minerzl mixt~lrcs were
~ccording to l{arpcr (9) $ Fats. cholesterol.

_.—_
-— .



.-,-,

n

sltosteroi and sltostanol were added at the
m~pense of sucrose. Rounnelv. safllower oil
. as used as J dietary fat md to this ~vere

~dded retinvl palmitzte. 400 IL’, cl~olecal.
cl ferol. 2W [U and d{.a-tocopherol. 10 mg ‘
1~ g of diet. The content ~[ ~ter~i~ in ~i.

eta~ fats as determined by CLC an(l using
5u. cholestane as a cdibrntlon st~ml:ircl ~vas
.Is follows ( in ‘fe): saf%vcr 011. 0 IS to
0.22. com oil. (3,52 and lard, (101 to 0.04.

The dietary reqimcns are >ho!tv In tal)l(I

1. Stcrols were finely dtspcrwxl III fvarrn
(Ilctiimfats pflor to ml.~tng tllc!rr lvItll otlwr
Illf:rc(llmltq, nflts tvcrf. I: I\.1,11 fr[x! ,It.[tws f{>
tl]c. cIIcts .In{l tr:lt~r. ,;Ild LIII,vI .Iflt,r I.li[lll,<

o~erniqht ( lS:OII to 09:00 hours), Body
wet~ht .md food consumption were re.
corded etery other day. Feces were COI.
lected for 2 clays beginning 5 days before
killing the rats. Dtlnng this t]me, the diets
contained 0.1 ‘r of Cr;O ~. Fecal recovew of
sternls was cdctll:ltcrf m the imws of nnaly -
SC<of stcmls and Cr in feces IIKJ diets.

Li/)i(/ ~In/I/I/.w,~, RJ(S tvcre fasted ovcr-
nl~]lt .II1(l KII]l.(1[)~. (Iccnplt;llton .Anfil~$cs
of lipid cnmpmwnts ~jf plasm~ and liver
!vcrc pcr(wml.fl ,IS {lwcr~i]vd I>revlollsly
( 5). TIIv lwytvw~ ,,t the itrr(lls or stam)ls.
m(wl :It 1111.wmc C(}f)((.tllr:ltlotl m ttl Jt nf

tlu)lt.it(w)i. {iItl 11411IIIllIIIVIC(OIIIC !Iccur:lcv

.



,

..——-.=

L C-I..,*”8 ,,., - ,., ,!. !,! ~

,[[’JIX ~(tlm ,. .,1

Fig. I E5ect of die.uuy #-sltostcrol and #-slto-
stanol on the mncenrracwn of plasma choles;crol
In rals prevw,slv fed the I@ cholesterol diet
(exp. ~). Rau \velghmg an average of 115 g were
(ed the hypercholesterolem;c djet (0.5% choles-
terol plus O.l N% choilc actd) [or 14 dayt, and
then one of the dlers mntaamg either 0.2570 IJ[
sitosterol or sttostanoi for 3, 7, and 14 &v\. One
group O( rats was fed the srerol free diet through.
our. Each point repre~ents mean = szs[ of 5 rats
per group. Chol: cholesterol. Slto: s!tos;erol ~nd
HS,to: slrosta.nol.

of cholesterol determination by the Lleber-
mann-Burchard reacnon of the digitonide.
CLC’ of the trimetiyl SIJVI ether of the
Unsaponl&able fraction fvas performed on a
J% o~’-l~ glass coiumn “ (5, 10). For
separation of sterols and stanois, GLC md
Ag-.TLC were ●mployed: a gos chromato-
gra h eqtupped \tith a Polylmlde 100 glass.

z~~ OT column. I),fi mm x 50 m ‘1 tvns
used. The apparatus was operated ~t MO’
ivlds earner gas ( .\’~) at i.O ml minute:
under this condition separation of sterols
~nd stanols uw complete. .+c--TLC lV:M
performed usin~ Silic~ gel C’ plate contain.
mg .+g.NOl ( ~$?e. W,W) ond developtnz
twce in chlorofom.methanol ( 99.S 02.
V,v) (8).

A portion of Iy)philized feces was ex-
tracted ~wth ethanol in Soshlet .apparams
for 30 hours. TIM e~tract (vas saponified
md the t~methvl <ilvl erher dcrivatltc
formed ,tnd anal;,zcd bv CLC (5. 10). .~
Lmrswnamount Of”sa.ciloic$tnllc 1’ In ctlutIIol

was nddcd to the feces prior to cxtrncting
srcrols ~wth ethanol as ,In intt. mal calll)rn.
IInn s!anrlard. Cr in (Iicts ,IIl[i fret’f !~’.l$
dr!crmtnrvt cnlortmctrlcnll~, ,I(trr rrwllt(.lt]f:
fllc’m to ,M1l’.y.

I

.S(utf.,!fCUf ,iwl!isu DJta ~ticre anolyzed
~)v !Ilc S((ldcllt”$ t :Cst ( 11).

RESULTS

CrOtL(/t a)u[ (USUC ucIg/It~. There were
II(I diflcrcnccs IrI the food intake or wcigiit
~~lns bet~vcen r~ts fed the sterol or t.+e
stmnol [n my e.xpenment. Although L$e
weights of ma~or viscera, ( kdnev, heart.
Itlng, spleen, ,~drenal and testes) were also
SlMl]i3r for these two groups, hver wetght
appeared somewhat lower m the stanol fed

/
r~is fvhen cholesterol was slmultaneouslv
Included m the diet. some of the diEer -
ences were statistically s;gmficant ( table l).

PIa.snu and fiucr /iptd Concenfratton.
Tai]le 1 summarizes the concentra~on of
pi:lsmn and Iii er cholesterol and trlglyc-
erlcfe. Tl~e data reported as choies[eroi
were derived from the Liebennimn-
Burchard reaction of the digitonide. Since
phytosterols de~elo

$’
color, but to a con-

siderably weaker eqree than cholesterol
does. the correction for this seemed neces.
sary. tn particular in those samples contain-
ing detectable amounts of phvtosterols.
The comection did not modify the statrsti.
cai significance listed in this table. Essen.
t;ally no coior was developed wth the
stanol digitonides by this reaction.

When cholesterol was simultaneously
added to the diet. the h!-pochoiesterolem:c
activity of the stanol was at all times sig-
nificustl} greater than that of the steroi.
except for experiment 3 w’here cholic actd
ii,as ,Ijso added to the diet. ( In this case.
pl.lsma concentration of cholesterol tended
to be lo~ver tvith the stanol. but the dEer-
ence WXSnot significant. ) .ilso. the nse in
the cot]cenmtion of plasmis tnql\ccnde
after feeding the sterol was not obsemed
wvth the stanol feedine.

Inclusion of the strmol m the diet at the
same level as that of cholesterol lowered
the plasma cholesterol to the levels that
ivere ,lpparently similar to those of rlts
fed no cholesterol ( esp. 2). .4 simdlr trend
ivas ,IISOrsl)~er~,ed [n rats fed tw-we aS milch

stcrnl ,IS cholesterol in the presence nf
chnlic ,IcIcf ( e~p. 4 )

—_
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Tl\e conccn~r~tlon O( pi,isln.t rrlulvccridcs

III rats [cd >Lto3t3nul ~iu(lc !cll(l~~ (u bu
!(j,vcr t}lJn thJt ~~ r~!s tcd >i[~)>[~r(~lJII-I(lc,

but (he &flerence .vti> not >1.I((>IIU.LIIY >ig.

lliic3nt I exp. 1),

T!,c e~ccts of dderent source> (~[d~ct~ry
(2FS\Vere e,yamlned, [n e\perlmeI]t j, \vherc

com oil or lard was ~dded (o LIICdiet ~t
the 5’% level, the responses 0[ pl~sma
cholesterol to the sterol ~nd :Ile stanol re.

sernbled those observed ~n :he prccedmg
experiments m which safflo~ver UII WIS tlscd
as a dietary fat source or the same le~’el.
Similar results were obtained m rats fed
Iug,h fat diets (eq. 6) ~nd the smnoi (eed”
mg resu[ted in a st$nkficant reduction m
piasma cholesterol le~,ek compared to those
of rats fed cholesterol done ( P <0001 ),
fvh~e wlt’n &e sterol the difference iv~s”

gruficant only In rats fed lard \ P < 0.05).
[n idl e.rpenments, the concentr~t LOrIof

unesterified cholesterol \\’as slrnultaneouslv
determined. When elevated plasma levels
of cholesterol in cholesterol-fed rats were
Io\vered nearly to or below the control

values bv supplementing either the sterrd
or the stanol, the rado if free to estenfied
cholesterol also became nonrml.

In one experiment ( ●.xp. 7), rats were
fed a high cholesterol diet ( 0.5cI choles.
terol and O.1257C choiic acid) for 2 weeks
and followed by a cholesterol.cholic acid
free diet containhg sitosteroi or sitostanol
at the 0,2570 Ieiel for an additional 2
tveek~, lV~en the cholesterol diet tvas re.
placed bv the sitosteroi or sttosmnol diet.
the concentration of plums cholesterol
sharpiv decre~ed to leiel corresponding
to that for control rats fed the cholesterol
kee diet throughout ( fig. 11. .+lthough the
mltial fail in the plasma cholesterol during
‘le 3 days after switching the diet appeared
,arkedJv greater with sitosterol. the Iirml

!e\’ei after 2 weeks tended to be lower w-tth
sitostanol. In addition. the concenmtion of
plasma triglyceride continued to fall M a
result of feeding sltostanoi. while tlut of
rats fed s]tosterd remained htch ~fig. 2 ~
Thus. 2 weeks after changlnc dlct~. the trl-
giyccnde let.+i in sltosternl {cd r~l~ t~I:I<
slgnificantlv higher thm tint of rats (ml
~ltostmoi. . “

4s table 1 shoj(~. the c~tmt nf rwlllc.
tlon of hcp:lrjc cllol(xtcfnl ,111(1triCllcrn(l(*

t~v tllc <tcrnl 211(1 !!]{. St;lltol ,Ill[mtrmi $irtl.

r[[ol - .(crm ,“..1

F,g 2 EFect of dmtary d.:t[o$!eroi and Y-5N0.
stand on the concentranon ot plasma tnglycertde
!n rau prewlously fed the high cholesterol diet
(exp. 7). Each point represenu mean = SEM of
5 rats per group. Chol: cholesterol, Slto: sltosreroi
and HSito: sltostanol. P < 0.05 for mosteml venus
sltostanol at the termmauon of the experiment.

alar. although in some cases there were
>ignlEcant r~uc~ons ot lt\er lipid Ie!’els
due to feeding the stanol compared to the
steroi.

Sterol composition of plasma, liucr and
other tissues. Table 1 summnnzes the per-
cent composition of sterois in the unsaponl -
llaljle fractions from plasma and liver. [t
IS OIWIOUS that rats fed sltostanoi, m conl-
partson to those fed sltosteroi, had stgnl6-
cantlv lower percenta~e of the sterols other
ttiml cholesterol. Changes in the amounts
mrcl compositions of dietary fats did not in-

fluence this observamrtn, [t was also ap-
parent that both pl.lsma and liver con.
tained approxlmateiv slmdar patterns of
percentage of plant sterols.

.+nalvses of the sterois by .Ag.-TLC ~nd
caplilat-y co[umn CLC re~ea[ed that after
feeding the stanol less than 37. of the
plant sterols detected uris the hydrogenated
compounds. NO hvr-iro~cttatcrl cholesterol
\vas ~ctccted. T\ IIIS, ,Ilmmt III of the plant
stemls detcctcd in r:lts fm{ IIIU smnoi ivcrc
the sternis, .Ind most lIkL,lv (wq[llateri from
tlIC stcrols ~(mtnmsltmttll,< llIL. it.lrlol prc!),\-
rnt]{m .lIIC\ from ttlos($ (Jccllrrlltg III (IILI (It.
t,t:lry f,nts. TIIC ].lttl,r nss;llnptlorl CI)III1[ l){,

st[17[mrt(,(/ IIV 1}1(.ol)s,.rf.~lloll” tll;~t rnts f(.(1
u(lrrl oil, \vllicll cmIlmII~,tl l\vIl(, ,Is lnlli II
[) I; III[, .Icrf}ls .IS \,l[flo\\(,r 1111. L.Y)II I: LIIIC(I ,1

.
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higher percentage of the lant sterols than
those fed sa~ower od. h lis obsemahon,
together troth that from the sterol balance
studies which will be described later,
c[ear[v suppofis the view that only nesj~-
glble amounts of the stanols are incorpo-
rated into the body. similar results were
obt~ined With adipose. tissue and adrenal
glands (table 2).

Table 3 shows the concentrahon and
composition of aosta sterols. Again there

was demonstrable deposition of plant
srerols, but not of the stanols, into the aona.
Though these data were from pooled sam.
pies, the concer,tration of cholesterol ap-
peared somewhat lower in rats of the RVO
groups fed the sterol or the stanol plus
cholesterol than that of rats fed cholesterol
alone.

Fecal recocery of cholesterol, titosterol
and sitostanoL These data were, derived
from the ratios of Cr and sterols m the diets

TABLE 3
Efftti oj 8-m”&&rOl ad B.SItOa&W[ an & Wwtiro(len ad cam~;:fien Oj arfu SLero[

Sterols added to the b~d diet SLemi cumpomuon

Exp Cholee- Sito.
Yo. (N~ti~~)

Si to- Total Choles- caL&F#- Sim-
terol jteml wand Swds terol stero[

% % u?0 tng/lw In# : To Or fafAl $lrroi~~

6 19 (6) 05 0 0 0 1s ‘Mi () ~ 03
20 (7) O..i o .; o 0.1: 9S Ii 1) -, 0 ‘)

21 (7) 0.5 0 0.3 0 17 ‘?9.i UJ 02

22 (G) 0.3 1) o 01s 99.> UI 01
23 (7) 05 0 .; f) o 1: ‘JS 1; (_I 4

j;?4 (7) 0.,5 (1 11.; 0.16 9~J,.; () 3

.—
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[O [Ilme in [he feces, ~nd were correc:cd
f~~rrndocef]ou> c~cre:lo[l In tile correspond-
+: cllcjles:erol free contro[ youp.

“’~+s “Jb;c J snows, (ec~[ rucuvcw of Jdded
:boiesterol WJS conslstentiv and slgnlfi-
conr!v gre~ter in rats fed sltustanol than
chose fed slrosreroi. In ra[s [ed no choles.

:erol, aver~qc excretion O( cholesterol ( m-
includesIts cuprostisnol denvau}e ) \v3s O.Q
mg, LOOmg dried feces and that of plmt
sterol ( includes [ts coprostanol derivative )
was O20 mg l(l) mg. W’hen no cholesterol
wu Included (n the diet ( exp. 1), s[tostanol
also rended ro st; mulate excrenon of en-
dogenous cholesterol more than did sito-
steroi ( 1.76 t~mes versus 1.46 times in com-
paruon twth conrroi rats), but the d@er-
ence was not stgnt~cant. This may be due
to the limited quan~ty of endogenotsa

tral sterols excreted by rats fed the diet
J of cholesterol.

[n addition, mrespecti~e of the presence
or absence of cholesterol. sttostano[ added
to the diets was almost completely recov-

ered In the feces. The ~vcrlgc [ccal recov-
ery of dietary sltosterol ranqcd between
=Cb to 9?Y0. .+ddit)on of chul;c ~cId to the
cholesterol contalninq diets ciId not Jffcct
these results, nor did the quantity md the
quality of dietary fats, The s.amewkt lower
recovery, [n comparison to the reported
data ( 2), of sltosterol in these experiments
may m part be due to the way by which
this sterol was mixed tito the diets, From
the data shown m table 1, tt was clear that
slgnl13cant amounts of slrosterol were ab-
sorbed.

DISCUSSION

The Ideal hypacholesterolemlc agent
shouid be egective, and free of subjective
side -ei%cts and of toxicity. Plant sterok
come close to that ideal ( 12). .+lthough one
major advantage of the use of phytosterois
for trea~ent of hypercholesterolemia is
that they are relatively safe ( 1), it has been

i
enerally believed that reiatn~eIv large
oses of them are rqulred to obtain a slg-

.

T.\BL.E 4
Exmrt,on o/ ChoIesteraL d-Ii&a&o/ and B-:i(mtand

———.-

Stemls added LOthe bd diet Fecal excreuon

:.: Groups Choles- Si[o- SitO- C$AIII Sim- SiKo-
(S0 oi rats) ~erol slerol Swnol $tWOl ~Uttol

.5
,0

0
0
0 .i

:,:
0..5;
0..5:
0.51
0.51
0.3;
0.5

U
05
03
03
05
05
0.:
0.5

% %’ 70’ %’
85.3* 2.1

999*1.2’
55 0*1.5
75,3* 1.5
82.9*i.3
25.3* 0.7
61.6*2.O
76.2+ 1,(Y
73.0* 2.1
86.2*1.9*
75,3* 0.6
87.1 &5.2
64.3* 1.1
85.1*1.9*
34 6*1. +
60.4*09
77,3 *1,!%
30.1*11
W15*IS
33.0*1.4*

88.5* 3.1

3
86.5= 0,9

100 =2’
4 86.6*1.S

100 *I’
68.9* 2.3

91.9* 2.1
100 *3’

6

100 ●2

101 =1’
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n&cal\t c\lolc>tcro] lowcr~ntj effect. Ttus
Ilas been cun>,dcrcd to bc ~ major dlsad-
‘v~ntage Ot [he use of ticse sterois u
{hcr~pv for hypercholcstero] cmt~. A recent
s:uc Y Ijv Crundy ~ncj J[ok (13) showed
‘Jla[ Intak. cs O( fl-slrosterol 3S 10W M 3 ~/
cay lnlubl{ecf absorption of cholesterol to
a maximum degree, and much larger doses
cbd not cause J further slgn16cant decrease
[n ~bsorpt~on Of cholesterol. From this find.
[rig, these authors crowder that phyto-
sterols, [n a sense, can be a form of diet
ther~py ratier rhn drug &ea,tment (13).
on the other hand. because of di~erences
[n absorbabllity among tndlwdual phytO-

sterols normally encountered m edible ods,
the preparations that contau-s detectable
amounts of cmpesterol can not be recoin.
mended for therapeu~c use (‘2). Intestinal
absorption of natural plant sterofs appears
to be affected by the length of the side
chain of the molecules. namely, the Ion er

fthe side chain, the less theabso tion ( ).
TThus, less s;tosterol M absor 4 h

czmpesterol. In acfdition, absorption of di.
hydrosterols appears to be much lower
than that of the conespondin iterols, as

fcan be demonstrated with cho esterol and
cholestanoi ( 6 ) as well as phytosterols and
phytostanols ( .s),

On the basis of these considerations. we
have examined the hypxholesterolerrtic
acnwty of nearly pure ~-sitosterol and

p-sitostanol. Commercial ve etabie oils
contauted ~’aryin

2

famounts o the stanols
in t.heir so cane sterol fractions ( unpub-
lished obsemations ). Commemld P.slto.
srerol preparations from di@erent suppliers
~ko were found to conta~ 1070 to 157e
sttostanol. TIIUS, it seemed likely that
3-sltostanol is as safe as $sitostero[. This
assumption is supported by the obsem-
tion that rats fed phytostanol mixtures (1)
or s~tostanol grew notmallv and had normal
visceral weights ( liver, k$sey, h~. lung,

spleen. testes and adrenals ) and appear-
ance. Furthermore, feeding the stanol never
resulted in any ~pparcnt dmormality in
fecnl excretion SIICII ns constipation or
diarrhea. There were also no r-hffercnccs in
the t~hsorbabilitv of dictmy protein. sugar
Ind fars ( mcnsllrcti tn tvpt. 3).

srcr(d I);ljancp (Iflt;, ql),,,,q, in tal>l~ ~

(:lu.lrit. (Icm(lnslclfl,(l 111:11IIw Ily(lrt)gcn:)tctl

sterolstlfnui~!cd c!~olcstcrol c.ycfeaon mOre
tl]an dld t!Ie tinhycirogen~[ccl ~terol ~d
that the stItIol itseif WJS excreted drnost
complctelv into feces. TIIC feczl recovery
of Iabclcd sl[ost~nol durtng the first 7 daY5
after ord ~amlnistrat!on tv~s aiso aimost
complete and that of sltosterol was below
90$L (data to be publlshed ), Transfoma-
tlon uf cholesterol to coprostanol was
silghtiy Inhlblted by the simultaneous in-

!
estlon of sitostanol in comparison to that
ound when slrostcrol was Ingested ~the

ratio of coprosrwsol to cholesterol, 14.5 to
19.4Yc versus 8.8 to 18.9Y~). .+Iso, conver-
sion of sltostanol to the corresponcbng
coprosltostmol was significantly lower than
that of s~tosterol ( the ratso of copro-
Sltostanol to sltosterol or sttostanol, 11.2 to
13.170 versus 1.9 to 3.7~0 ) and this trans-

formation was markedly reduced b the
simultaneous mgestlon of cholic acl 1 (2.1
to 3.67! versus 1.7 to 2,070 ). .Since a recent
study Lry Co~tind Rao et d. (4) suggested
probable side-effects of absorbed phyto-
sterols, the obsemtions that sitostmo[ is
essentially not lbsorbed nor deposited m
the body pool and that It possesses a greater
cholesterol lowering activity suggest that
sitostanoi is a more ideaf hypochoiestero[-
emic compound than sitosterol. The ap.
parent lack of s,gnlficwst diEerences In the
h~ocholesterolemic activity of the sterol
and the stanol in rats fed no cholesterol
( eqst. 1 and also e. .7 ) may primarily be

Tdue to the reladve s omess of the feeding
periods. In fact. the concentration of plasma
cholesterol in rats fed the stanol in these
●spetiments tended to be slightly lower
than that of those eating the sterol. For
further validation of the e~ectiveness of
sitostanol for treatment of hvpercholesterol.
●mia. we are currentlv studying their ef-
fect on ra~lsits and the fate of labeled
stanol in tivo in rats.
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THE EFFECT OF SITOST.ANOL ESTER MARGARINE ON SERUM LIPIDS IX HE.lLTHy
CHILDREN .MREADY ON .ADIET LOW IN SATURATED F.AT .&VDCHOLESTEROL
THE STRIP PROJECT
~ T. Ronnem~ H. Gylling, K. Pulkki, O. Simeil and the STRIP Study Group
Cardiorespiratory Research Unit and Depmrnents of Pediatrics and Medicine of Turku University,
Department of Medicine of Helsinki University, and Deptutrnent of Laboratory of Turku IJniversiry

Central Hospital, Finland

INTRODUCTION
Atherosclerosis begins early in life. High total and LDL cholesterol concentrations are major risk factors
for atherosclerosis an& 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
h~ercholesterolernic 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 hypercholestero lemia (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 sitostanol ester margarine in healthy six years old children already on
a diet low in saturated fat andcholesterol.

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 fkom intervention group were recruited to sitostanol
mmg~e study. me chil&en were advised to replace 20 g per day of dietary fat with study mqarine

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 dehydrogen,ase and
glutamykransferase 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 ~-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 eff%ctswere 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 I-IDL
cholesterol was not affkcte& HDIJtotal cholesterol ratio increased 5.6 percent. Serum triglyceride
concentration was unchanged as well as safety markers. Serum a-tocopherol and &carotene levels
decreased slightly. These antioxidants ae carried in LDL particles in plasma. Because LDL cholesterol
concentration decreased, we calculated a-tocopherol and &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 carnpesterol to cholesterol ratio were
reduced by sitostanol treatment (table 2). The reduction in serum total and LDL cholesterol
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concentrations showed positive correlations witi [he reduction in semrn campesterol concentration
(i=0,42,p=O.0001 and +.39, p= 0.0005, respectively). Concentration of cholesterol precursor sterol,

A8-cholesterol, showed an increase (table 2).

CONCLUSIONS
Sitostanol ester margarine has a significant decreming effect on serum total and LDL cholesterol
concentrations in healthy children who are already on a diet low in sarurated fat and cholesterol. The
decrease in serum total and LDL cholesterol concentrations obsemed 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 tie otiers. This might contribute to our result. NOadverse
effects were obsmed in our short term study. T’hesi@ficance of a reduction in 13-carotendLDL 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. h
increase in serum A8-cholesterol reflects compensatory activation in serum cholesterol synthesis.
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Table 1. Serum concentrations of a-tocopherol and ~-carotene (mg/L) and their ratioto LDL (mglmmol of cholesterol) before
and aftersitostanol and control study periods

a-tocopherol a-tocopheroULDL p-carotene @arotene/LDL

Table 2. Serum concentrations of campesterol and A8+holestenol (pgldL) and their ratio to cholesterol (102pmotimmol of
cholesterol)before and aftersitostanol and contd study periods

Campesterol CampesteroUchol A8+holestenol A8-cholesterol/chol
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Ewh.tation of the use of @itostisnol as a
nonabsorbable marker for quantifying
choicsteroi absorption

James G. Teny, Barbara L. McGill,and
John R. Crouse 1111
Lkpartnwnt of Inlmaal Mtdiane, Bowman Gray
School 0[ .Medumt of Wake Forest Univmtty,
Winrton-.Salem NC 27137

SI..y For over a decade investigators have quantified
cholesterol absorption by comparison of dietary intake and
fecal excretion of isotopic cholesterol with that of $sitosterol
as a ‘nonabsorbable” marker. However, ~sitosterol might
not be ideal due to its potential for absorption. We rherefore
carried out two sudies to evaluate a new marker wirh less
potential for absorption, [3H]&sitowartol. In the first study

I n - 22) we compared absorption of [sH]&itostanol
‘stu~q~]~sitos~erol ~ a sim~rarteous dual-label continuousand [
feeding (Wphytosterol absorption”) experiment. We obsemed
a consistently higher ratio of [JH]$sitostanol/[ ’4C]~i-
tosterol in the stool relative to diet on the first day of fecal
collection (6. 1% t 3.2% 10SSof [$H]&irosterol, range 3- 12%),
but thereafter, the ratio in stool was similar to that in diet. In
Study 11(n = 23), we compared cholesterol absorption di-
rectly using [’H]& itosterol and [’4C]cholesterol, and, sepa-
rately, [’H]&sitosmnol and [“C]cholesmro1. We found that
mean absorpion between the two methods was similar (45%
* 11% vetm.ts 44% * 10%, respectively, P difference = 0.40),
and the two methods correlated well with one anodter (r =
0.83) when samples from all awailable days were used. Vari-
ability between the two methods was greater in individuals
t~.hoabsorbed more than 40% of cholesterol. Cholesterol loss
on day 2 estimated from use of &sitostanol as a nonabsor-
bable marker was predictive of absorption using ratios from
days 4-6 (r * 0.80). ~ These results suggest that, for the
majority of subjects, ~sicosterol is a valid nonabsorbable
marker for cholesterol absorption. -Teq, J. G., B. L.
McCiJl,and J. R Crouse III. Evaluation of the use of &sito-
stanol as a nonabsorbable marker for quantifying cholesterol
absorption. J. Lipid Rc.s. 1995.362267-2271.

Suppkmentaiy key worda cholesterol ● absorption ● phy!osterols

Cholesterol absorption has recently re<merged 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 (S, 4), the single
dose iso[opic 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 j3-sitosterol.

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

We therefore compared ~itosterol and $sitostanol
as markers for cholesterol absorption in human beings.

Subjects and diet

We carried out two studies of absorption in 45 healthy
individuals. In the phytosterol absorption study (Study
1) 22 volunteers were fed radiolabeled [14C]~itosterol
and [~H]&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 11)23 voluntee= underwent two tests of choles-
terol absorption separated by 1 month in which 14C
cholesterol and either [sH]@itosterol or [3H]~sitc
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

[4-14C]cholesterol (52 mCi/mmol) and custom syn-
thesized [4-14C]&sitosterol (55 mCi/mmol) were ob-
tained from Amersham Corp., Arlington Heights, IL.
[22,23-5H]~sitosterol (77 Ci/mmol) and [5,tY’H]13-sit&
stanol (47 Ci/mmol) were custom synthesized by New
England Nuclear, Boston, MA. Both triiated }sitosterol
and $sitostanol were produced from tritiated stigrna.s-
terol by sequential hydrogenation. Unlabeled $si-
tosterol and stigtnasterol were purchased form Sigma
Chemical Co., St. Louis, MO. Five alpha< holestane was
purchased from Matreya, Inc., Ple=ant Cap, pA. u~a-

beled $sitostanol was a gift from Dr. Margo Derdte.
Unlabeled $sitostanol was ~ 90% pure by GLC (Hewlett-
Packard 5890A) on a 15 M J&W DB 17 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 c=hromatographed with cold car-
riers and ftactions were collected u previously de-
scribed (13). Radioactivity was determined by liquid
scintillation counting (Packard CA 2100 LSC). The lack

Abbreviation GLC. gas-liquid chromatvphfi HPLC, ‘i@
performance liquid chrornaq’mph~ BMLbody mass index TC,total
choksteroh TG, rriglycerkk LDL IOWden~iv IipoproLein.

‘Towhom reprint should be addressed.
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of a double bond in $s~tostanol preven[ed absorbance
detection ac215 nm, therefore, an additional step using

e. CLC was required. For this, unlabeled $sitostanol
startdard was run on HPLC and fractions were collected.
The fractions were then subjected to GLC to determine
the retention time of ~sitostanol in our HPLC system.

[*4Clcholesterol and [14C]}sitosterol were each> 98%
isotonically pure. [’H]$sitosteroi and [’H]$sicostanol
were < 90% isotonically pure and required prepamtive
purifkation by HPLC. Subsequent HPLC showed that
z 96% of the activity from both [sH]$sitosterol and

[3WP-sitOsmOleluted under a single peak consistent
with standards.

For Study 1a mixture of 0.10 pCi(14C]$sitosterol and
0.31 uCi[3H]~fTCNewBaskerville”-sitostnol 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-
arte+xtracted 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 (recovety ~ 95%).

For quantification of $sitosterol absorption the for-

..-=
mula adopted was:

fecal }sitosterol/}sitostanol
fisitosterol absorpion = 1-

dietary }sitosterol/$sitostanol

T%is formula is a modification of one that has been
shown tcsbe 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 tathcr 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 yCi [“C]cholesterol and 0.29 pCi
[sH]&itosterol or alternatively 0.10 pCi [14C]choles-
terol and 0.29 pCi [’Hl13-sitostanol for 6 consecutive
days. SubjecU were =signed at random to their se-
quence of studies and the sample analyst was blinded to
the order of assignment.

Daily loss of isotope as Weil as means for D4-6 were
used to determine $sitosterol absorption or cholesterol
absorption as previously described(6). Means and stand-
ard deviations and xsociations WerC compared between
periods and groups using ptired t-tests and correlation
statistics.

.-—-..

RESULTS

Study I

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

Twenty-two participants completed Study I that com-
pared [14C]~sitosterol and [sH]&itostartol absorption
(Ftg. 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 ~sitosterol on D4, D5,
and D6 was2.5%t3.9%, -l.3%k3.6%, and-1.8%, *4.6%
respectively (mean % absorption D4-6 = -O.1% f 2.7%,
and did not differ from O% absorption). In those sub
jec!s who submitted samples from D2 and D3, preferen-
tial loss of fl.sitosterol from stool on day 1 was reflected
in a ratio of fecal/diet [$H]&sitostanol/[ “C]&sitosterol
that was consistently >1.0 in stool from D2 (percent loss
[“C]$sitosteroi on D2 = 6.1% k 3.2%, range 3% to
12.5%). On D3 per cent loss of [14C]&itosterol was 0.3%
k 7.0%.
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Fig. 1. Mean f.mndard deviauon percent loss of ~sitoscerol relatwe
to &sitostanol for participants on day$ 2-6 of phycouerol absorption
study (Swdy l). Days4-6, n = 23: days2-3. n - 10. Positive ‘% loss-
indicxes greater lossof $sitosterol than ~sitostmol.
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Study II participants were 65 * 8 years of age (mnge
35-73) and were 52% female; they had 13MIof 27 * 4
(range 20-38). These subjects had overall lipids similar
to the previous group with TC 226 * 39 mg/dl (range
159-290 mg/dl), LDLC 151 f 32 mg/dl (range 85-198
mg/dl), and TG 179 t 96 mg/dI (range 76n506 mg/dl).

In Study IL cholesterol absorption was compared in
23 individuals using [3H]}sitostero 1,and, on a different
occasion, [3H] f3-sitostanol u.nonabsorbable markers for
14Ccholesterol absorption. Comparisons are presented

in Table 1and the correlation between the two estimates
of absorption is illustrated in Fii. 2. OVCsall, 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 2S subjects
showed a statistically signflcant difference in choles-
terol absorption using @sitosterol compared to }sito

stanol (subjects number 8, 9, and 15). There was no
consistent pattern to these d.ifTerences. OvetaN, the
correlation between t-he two cholesterol absorption
methods on D4-6 was r = 0.76, P <0.0001. When results
from all available days were used (D2-6), tie correlation
was r = 0.83, P < 0.0001. Cholesterol loss on D2 as

esrirnated from use of ~sitosca.nol as a nonabsorbable
marker was predictive of absorption using isotope ratios
of fksitosterol and cholesterol from D4-6 (r = 0.80, P <
0.0001, n = 17). D2 cholesterol loss estimated from use
of ~sitosterol as a nonabsorbable marker correlated less
weU with the published method (r = 0.56, P <0.02, n =
18) as previously suggested (6).

Availability of two highly correlated indices of chole~
terol absorption allowed us to derive a stable estiate

of cholesterol absorption from the 23 individuals. No

association was obsetvcd berween 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 < 003) and
plasma TG (r = 4.60, P < 0.003),

TAME 1. Percent cholesterol absorption (meant SD) by phytosterol marker for irrdividuat participants in cholesterol absorption
comparison (SrudyII)

sub~t &Sito$tcrol ~ilostanol P Value’

1 37i.5 36i9 0.932

2 34i4 25:4 0.085
3 52i8 59i9 0.439

4 36i.2 31*7 0.425

5 24& 27i5 0.574

6 42*IO 41*9 0.924

7 45i3 42~ 0.317

8 45*1 56i5 0.046

9 52*1 S6iS 0.039

10 58ti 4%2 0.06!3

11 59a 62* I 0.159

12 4h 1 44i4 0.165

13 5*7 w 0.808

14 46i2 46~ 0.999

15 72s3 54i3 0.014

16 45ti **S 0.844

17 58ti 5*8 0.910

18 36i2 42:4 0.328

19 38* 1 41*1 0.732

20 36i8 43i5 0.457

21 34i5 35i13 0.925

22 42fl 37ti 0.259

23 43t2 41i2 0.944

AU wbjccu 45* I 1 44*1O 0.404

%ignifxance level by Studem’s t-WsL
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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 mdiolabeled cholesterol and &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 miiola-
beled cholesterol and $sitosteroI 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 fiat 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 advan~age over the single dose isotope ratio
method in that casual (not complete) stool collections
adequately quantifi cholesterol absorption.

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

Little is known
so~tion in the

about the variability of $sitosterol ab

population. .Approximately 5% of ~i.
tosterol is thought co be absorbed (7, 8), but ce&

individuals have been identified who absorb up to 30%
of the ~sitosterol in their diets (9). Wide Variabiliq
among individuals “mabsorption of }sitosterol might
theoretic~y prevent accumte measurement of choks.
terol absorption. Because only 40-60% of cholesterol is

absorbed, small differences in absorption of the “non.
absorbable” marker could lead to larger ditTerences in
apparent cholesterol absorption. To the extent that
$sitosterol is absorbed, apparent absorption of choles-
terol would be less than “true’ percent absorption.

$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 metabolizes from stool. Use of radiola-
beled $sitostanol as a nonabsorbable marker for choles-
terol absorption is attractive as 1) it is not absorbed and
2) complex analysis of stool is not necessary for its
quantification.

Accordingly, these studies were initiated to compare
$sitosterol and ~sitostanol with one another for their
utility as nonabsorbable markers for cholesterol absorp
tion. In Study I we obsetwed a differential loss of $si-
tosterol from the SCOOIcompared to ~sitostanol on the
first day and extending in some patients to the second
&y of administration. By the 3rd to 4th day, the isotope
ratio in the stool was ve~ similar to that fed, suggesting
that in most patients $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 }sitosterol on day 1 is unclear. There
are two possibilities. First, @sitosterol may exchange
with sterol in mucosal cells to a different extent than
~sitostanol and maybe iost from the lumen through
this mechanism and not appear in the stool until the
second or third day of &sitosterol feeding. Second,
$sitosterol may be absorbed and resecreted very mp
idly. The latter is possible in view of the relatively rapid
turnover of intravenously administered $sitosterol as
described by !Men, Ahrens, and Grundy (7).

When we quantified absorption of cholesterol
through use of $sitosterol, and, separately, $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 }sitostanol as the non
absorbable marker (statistically significant in one indi-
vidual) and five individuals had higher apparent absorp
tion with $sitosterol (statistically significant in two

[
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__l 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 ;n cholesterol
absorption mei=ured by &itosterol and &sitostanol
(mean %-difference 0.4% * 21.1%) in we present study
was similar to that expected for absorption studies

separated by 1 mon~ using the same nonabsorbable
isotopic marker (2.8% t 14.2% using [3H]$sitosterol)
(15).

Despite their similar ovetall resuks for cholesterol
absorption, apparent differences exist benveen $si-
tosterol and }sitostanol. Cholesterol absorption esti.
mated by isotopic $sitostanol on day 2 was more reflec-
tive of that measured on days 4-6 than was cholesterol
absorption as estimated by isotopic j3-sitosterol itself on
day 2 (r= 0.80 versus 0.56, respectively). This obsetw-a-
tion, along with the findings of Study I, conf~s the
notion that isotopic $sitosterol is only valid as a choles-
terol absorption marker after sevend days of feeding to
allow equilibrium in the intestine (6),

In summary, these data support the continued use of
}sitosterol as a nonabsorbable marker for cholesterol
absorption. On the other hand it is evident that there
are differences in the metabolism of $sitosterol and
$sitostanol, particularly on the first day of feeding, and
uncommon individual patients have previously been
shown to absorb $sitosterol (9). For this reason, we
believe that it is also valid to use $sitostanol as a nonab
sorbable marker for cholesterol absorption M

The authors wish to acknowledge the help of GCRC research
dieticiarr Jane Stegner, MS, RD, for the preparation of meta.
bcdic diets, and Martha D. Wifson, PhD, for assistance with
HPLC purifkation of isotopic compounds. This study was
supported by an unrestricted grant from Pfizer Pharmaceuti-
cals, md by the General Clinical Research Center of the
Bowman Gray School of Medicine, gsant number MO1 RR-
07122.
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Plant stanol esters from wood and vegetable oil
sources were tested for genotoxici~ in bacterial (Sal-
monella typhhnudum) 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 volubility, with and without the addition
of an Aroclor-induced rat liver microsome metabolic
activation system (S9 mix). All tests were perfomed in
duplicate and gave negative results for both wmd and
vegetable oil stanol ester formulations. Thus, plant
stanol esters are not genotoxic under the conditions of

_a—-% exposure tested. e lossAU&~c k

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, pknt stanol esters are prepared
by interesterification of plant stanols with the fatty
acids such as canola oil to improve their volubility 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-
fativeness at inhibiting cholesterol absorption (Heine-
ma.nn 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 cotmspondence should bs 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 5a-plant stanols, sitostanol and campes-
tanol. Sitostanol (24-ethylcholestan-3 -ol, CAS No.
19466-47-8) is formed by the hydrogenation of the As-
mono-unsaturated plant sterol, sitosterol (24-ethylcho-
lest-5 -en-3@ol, CAS No, 83-46-5), and also by the com-
plete hydrogenation of the A5’2z-di-unsaturated plant
sterol, stigmasterol (24-ethylcholest-5 ,22-dien-3&ol,
CAS No, 83-48-7), hence the alternative name “stig-
mastanol.” Campestanoi (24-methylcholestan-3&ol) is
formed by the hydrogenation of the AS-mono-unsatur-
ated plant sterol, campesterol (24-methylcholest-5 -en-
3#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, 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 Salmonella
~hirnurium bacteria, a mammalian cell gene muta-
tion assay in L5 178Y mouse Iymphoma cells, and a
mammalian cell chromosome aberration assay in Chi-
nese hamster ovary (CHO) cells.

MATERIALSANDMETHODS

Samples of wood-derived and vegetable oil-derived
plant stanol fatty acid esters, grayish-white waxy sol-
ids, were provided by RaMon 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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FIG. 1. Structure of cholesterol and some plant sterols.

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 &nes
(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 volubility (5000 @plate).

L5178Y ~’- 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 Wrro” of Council Directive 87/302/

_=-. EEC. The assay system detects forward mutations
(basepair mutations, frameshift mutations, and small

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 fhzen 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 perdcillirdstreptomy-
tin. Each new stock culture was checked for myco-
plasma contamination (absent) and karyotype stability
(stable). For testing, fresh cultures were seeded at
about 107cells/75-cm2 cuhre flask in 50 ml of medium
and grown for 5 to 7 days prior to treatment. On the
day of treatment, growth rate (11 t 2 h) and viability
(>90% by trypan blue exclusion) were tested.

Wood-derived and vegetable ofl-derived stanol esters
were tested separately with and without S9 at concen-
trations of 20-500 @nl and 250-3000 @ml, respec-
tively. The highest test dose was limited by the solu-
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TABLE 1
.~= Safmtmelkhficiosome Mutagenici~ Test with Wood-Derived and Vegetable Oil-Derived StanoI Esters

[Mutants/P1ate;Mean of Three Plates (sol)]

TA 1535 TA 1537
Dose

TA 90 TA 100

@/plate) - S9 +59 -s9 + S9 -s9 + S9 -s9 + Sg

Wood-derived stanol ester

o 17(4) 14 (3) 13 (2) 13 (5) 28 (5)
62 18 (4)

40 (2)
i7 (2)

131 (9)
10 (2)

133 (2)
12 (1) 24 (2)

185 16 (6)
48 (2)

17 (3) 9 (2)
139 (14) 127 (7)

I3 (2) 29 (3) 47 (9) 135 (16)
556 18 (3) 15 (4) 9 (3)

137 (20)
19 (o) 24 (5) 42 (2)

1667 15 (2) 15 (4)
122 (7)

8 (3)
145 (7)

10 (2) 20 (6) 40 (7) 133 (lo)
5000 15 (3) 19 (5) 11 (5)

134 (3)
14 (1) 30 (8) 45 (3) 131 (14)

Positive control’
141 (4)

543 (21) 710 (56) 1464 (269) 261 (16) 1111 (18) 1476 (50) 616 (19) 1723 (55)

Vegetable oll-dertved stanoi ester

o 23 (4) 16 (6) 14 (6) 8 (1) 23 (4) 45 (5) 143 (13) 147 (9)
62 20 (o) 21 (2) 13 (3) 11 (3) 28 (13) 51 (2)
185 19 (2) 19 (o)

152 (1)
14 (1)

165 (6)
15 (3) 30 (9) 43 (8) 157 (8) 129 (20)

556 26 (3) 20 (8) 13 (4) 12 (4) 33 (8) 41 (lo) 151 (12)
1667 23 (6) 22 (lo) 9 (4)

160 (13)
19 (6) 22 (4) 49 (5) 146 (11)

5000 50 (21) 25 (10) 19 (4)
141 (9)

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 ~plate) with TA 1535 and TA 100: 9-aminoamidine (80 @plate) with

TA 1537: and 2-nltrofluorene (2 @plate) with TA 98. With S9, they were 2-arninoanthracene (2 @plate) with TA 1535, TA 98, and TA 100:
and benm(a)pyrene (4 @plate) with TA 1537.

____
bility of the stanol esters in the culture medium. At
concentrations above 500 ,ug/ml, the vegetable oil-de-
rived stanol esters were not completely dissolved in the
final medium at the end of treatment, indicating that
500 ~ml approximated the lowest insoluble concen-
tration. The stanol esters were suspended in DMSO at
60°C (with sonication) at 500 mghnl or less and further
diluted in DMSO prior to addition to the culture me-
dium (final DMSO concentration, l%). 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 IA@@ 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 ceils were counted and diluted, if necessary, to
200,000 cellshn.1in culture medium. At the end of the
expression period, aliquots were counted and diluted to
10 cells/ml and transferred to 96-well m.icrotiter plates
(200 @well), and cloning efficiency was determined
using the zero term of the Poisson distribution (Cole et
ai., 1983). The remaining cells were diluted to 10,000
cellshnl in cloning medium (with 2096 horse serum)

. containing trifluorothymidine m at 4 @nl to se
Iect for mutants, and 200-4 aliquots were transferred

to each of hvo 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 af., 1983).

CHO Cell Chromosome Aberration Assay

The assay was performed in the presence and absence
of art Ardor-induced rat liver microsome metabolic acti-
vation system (S9 mix), in compliance with OECD Guide-
line 473 (Genetic Toxicology h Wtm Mammalian Cyto-
genetic Test), and the B.10 guideline of EEC Council
Directive 67/548, Seventeenth Amendment, Part B, CHO
K-1 celk obtained fkom 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 medlurn with Glutamax-1, supple-
mented with heat-inactivated fetal calf serum (10%),pen-
killin (100 ILJ/ml), and streptomycin (100 @ml). Cells
were cultured for 24 h prior to treatment with the test
compounds,

Stanol esters were separately tested with and without
S9 at concentration of 125-500 @ml (woodderived sta-
nol esters) and 500-2000 @nl (vegetable oflderived
stand esters). The highest test dose for each of the stanol
ester formulations waa limited by the solubfflty of the
stanol esters in the culture medium. The stanol esters
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TABLE 2

L5178Y Mouse Ly-inphoma Mutagenicity Test with Wood-Derived and Vegetable Oil-Derived Stanol Esters

Mutants per
Initial cloning Mutant cloning 10° clonable Large mutant

efficiency Final cloning efficiency efficiency X 104 cells colonies (%)
Dose

(..ug/ml) - S9 +59 - S9 +59 -s9 +s9 -s9 + S9 -s9 + S9

Wood-dertved stanol ester

o“ 091 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 0.84 100 1,11 117 120 117 109 – –
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 0.65 0.41 0.59 180 432 435 731 24 46

Vegetable oil-derived stanoi ester

0“ 0.81/0.81 0.9110.77 0.73/0.93 0.82/0.82 61/46 61/82 84150 74/99 17150 44/28
250 0.87 0.79 0.95 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 0.91 55 107 58 117 — –
2000 0.85 0.81 1.08 1.02 67 82 62 80 – –
3000 0.70 0.67 1.06 0.96 46 94 44 98 – –
Positive controlb 0.42 0.53 0.40 0.61 130 302 329 497 30 31

“ Results are sh~ for the solvent control (1% DMSO: culture medium control gave stmIlsr results, not shown). Duplicate solvent control
cultures were used with vegetable oil-derived stand ester: results are shown for both, separated by /.

‘ Methyl methsnesulfonate (0.2 mMl without S9: 3-methylchokumhrene (10 @ml) with S9.

______

were suspended in DMSO at 62°C (with sonication) at
500 mghnl or less and further diluted in DMSO prior to
addition to the culture medium (final DMSO concentra-

tion, l%). Exposure to the test substances was for 18 or
32 hat 37*Cwithout S9 and 3 h with S9. IrI both cases,
cells were harvested 18 and 32 h after the start of treat-
ment. Mytomycin C (0.025 @ml) was used as a positive
control without S9, and ~clophosphamide (3.75 A@@
was used as a Positive control with S9 (hamxX was at
18 h only with the positive control substances). Two
hours before harvest time, colcemid (O.1 J@ml) was
added to amest cells in metaphase. The cells were then
harvested by trypsirdzation, treated for 15 mirt at 37°C
with hypotonic solution (1% sodium citrate), fixed with
3:1 methanokacetic add, tramferred to clean glass slides
(two per culture), stained with 2% Giernsa, rinsd, 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 treatmen~ 200 well-spread metaphrases 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 &plate), however, a precip-
itate was seen in all plates indicating the limit of test
substance volubility. Table 1shows 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 “onetrial, 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 T~’- 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 @ml) and vegetable oil-derived (3000 w


