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The recent observation that certain 
oxygenated derivatives of cholesterol 
are potent inhibitors of sterol biosyn- 
thesis in mammalian cells is of major in- 
terest for three reasons. (i) It brings into 

question the supposition that cholesterol 
regulates its own synthesis. (ii) By pro- 
viding a means through which cholester- 
ol biosynthesis can be specifically inhib- 
ited, it permits investigations into the 
role of sterol in various cell functions. 
(iii) Potential pharmacological uses of 
the compounds are apparent. Although 

as a regulatory molecule. Indeed, when 

they are fed with the diet, some sterols 
that are produced metabolically from 
cholesterol by irreversible reactions 
(such as bile acids, cholest-4-en-3-one, 
5ca-cholestan-3/3-ol) inhibit sterol syn- 
thesis as effectively as cholesterol does 
(2). Inhibition of hepatic cholesterol syn- 
thesis by such a wide variety of structur- 

ally and metabolically dissimilar sterols 

points up the complexity of the system in 
vivo. Cholesterol is taken into the liver 
from the blood; excess amounts are es- 
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sterols to block sterol synthesis in cultured cells provides new information regarding 
the role of sterol in cell membrane structure and function. For example, de novo sterol 
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much remains to be learned, especially 
about mechanisms, it may be useful at 
this time to point out some of the impli- 
cations of information that have been ob- 
tained so far. 

Regulation of Cholesterol Synthesis 

The belief that regulation of sterol bio- 

synthesis involves feedback control by 
cholesterol is founded principally on the 
observation that dietary cholesterol sup- 
presses hepatic cholesterol synthesis at 
the level of the reaction catalyzed by the 
regulatory enzyme in the pathway, 3-hy- 
droxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase (1). However, 
this effect of dietary cholesterol is not 
conclusive evidence that it acts directly 

terified and stored, and the remainder is 
secreted into the blood as a lipoprotein 
component and into the intestine either 
unchanged or after conversion into bile 
acids. Most of the cholesterol secreted 
into the intestine is resorbed into the 
blood stream. Therefore, any factor that 
alters any one of these processes may af- 
fect concentrations of hepatic cholester- 
ol, cholesterol esters, bile acids, and in- 
termediates between cholesterol and bile 
acids. In addition, many hormones in- 

cluding insulin, glucagon, testosterone, 
glucocorticoids, thyroxine, and epineph- 
rine can influence the level of HMG-CoA 
reductase activity and the rate of sterol 

synthesis in liver (1). Thus the suppres- 
sion of hepatic cholesterol synthesis by 
dietary sterols could be a secondary re- 
sult of effects on cholesterol catabolism 
or upon a function of some organ other 
than the liver. 
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Only hepatic sterol synthesis is rapidly 
suppressed by dietary cholesterol. Even 
when the dietary sterol has elevated the 
concentration of cholesterol in the gener- 
al circulation, sterol synthesis in the epi- 
dermis (3) and intestine (4, 5) and in leu- 
kocytes, leukemic cells (6), and hepa- 
tomas (7) is little affected although their 
rates of synthesis may be as high as that 
in liver. Sterol synthesis in these extra- 
hepatic cells is, therefore, largely inde- 
pendent of the amount of circulating cho- 
lesterol. Because the central nervous 
system is separated by the blood-brain 
barrier from cholesterol in the serum li- 

poproteins, dramatic changes in the rate 
of sterol synthesis in developing brain 
are of particular interest. Sterol syn- 
thesis in mouse brain is high at birth and 
declines thereafter, except for a burst of 
synthesis when the animals are between 
5 and 20 days of age which is associated 
with the development of myelin. When 
the animals are 40 days of age, brain 
growth and sterol synthesis have essen- 
tially ceased and, since sterol in the brain 
is isolated from that in the circulation, 
there is little exchange and the turnover 
of cholesterol in mature brain is extreme- 
ly slow (8). The fact that there is very 
little turnover (or synthesis) of sterol in 
mature brain indicates that appreciable 
turnover of cholesterol is not an in- 
variant and vital requirement for non- 
dividing cells. 

Evidence that cholesterol biosynthesis 
may be regulated by a sterol (or sterols) 
other than cholesterol came from investi- 

gations with cultured cells. The earliest 
studies indicated that sterol synthesis in 
fibroblast cultures was suppressed when 
serum, serum lipids, or any one of sever- 
al sterols (cholesterol, desmosterol, lath- 
osterol, 7-dehydrocholesterol, 5a-cho- 

lestan-3/3-ol, cholest-4-en-3-one, and 
lanosterol) was added to the culture me- 
dium (9). Inhibition of sterol synthesis in 
cell cultures treated with cholesterol 
preparations was confirmed in other lab- 
oratories (10, 11), and the results ob- 
tained with this experimental system ap- 
peared to be analogous to the suppres- 
sion of hepatic cholesterogenesis by diet- 
ary cholesterol. However, studies in our 
laboratory and by others showed that 
trace amounts of contaminating sterols 
could account for all of the inhibitory ac- 

tivity of various cholesterol preparations 
in cell cultures (12). Furthermore, puri- 
fied cholesterol was not inhibitory when 
it was incubated with cultures of mouse 
or rat liver cells (13), mouse lympho- 
cytes (14), human fibroblasts (13), or 
Chinese hamster lung cells (15). Pure 
cholesterol at a high concentration 
(10-5M) was weakly inhibitory when it 
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was incubated for long periods of time 
(12 to 72 hours) with highly sensitive L- 
cell (mouse fibroblast) cultures in the ab- 
sence of an antioxidant, but effected no 
inhibition when vitamin E was present in 
the medium (16). We also demonstrated 
that sterols, other than cholesterol, with 
a single hydroxyl or ketone function (in- 
cluding those reported to be inhibitory) 
had no effect on sterol synthesis in cul- 
tures of fibroblasts or mouse liver cells 
after they had been extensively purified 
(12, 17). 

Although the inhibitory contaminants 
in impure cholesterol preparations have 
not been conclusively identified, a num- 
ber of oxygenated sterols have been 
found to inhibit sterol synthesis when 
added to cultures at concentrations in 
the range of 10-9 to 10-6M (12, 17). These 
inhibitors can all be named as derivatives 
of 5a-cholestan-3,f-ol. They have one 
hydroxyl or ketone function at position 3 
and another at one of the numbered posi- 
tions of the structure shown in Fig. 1. 
The presence or absence of a double 
bond at position 5 does not appreciably 
affect the inhibitory potencies of sterols 
tested in this respect, but the complete 
side chain appears to be required for full 
activity. The majority of the sterols with 
proven inhibitory activity can therefore 
be derived by the oxidation of cholester- 
ol (cholest-5-en-3,/-ol). 

Some of the most potent inhibitors 
(such as 7-ketocholesterol, 25-hydroxy- 
cholesterol) are readily produced by 
autoxidation of cholesterol in air at room 
temperature, and the rate of oxidation is 
accelerated by light and by Cu2+ or Fe2+ 
ions (18). Autoxidation products could, 
therefore, account for inhibitory activity 
apparently associated with cholesterol if 
the sterol preparation was not extensive- 
ly purified shortly before it was used. 
Cholesterol dispersions in aqueous solu- 
tions also undergo autoxidation in the 
presence of atmospheric oxygen (18). 
Evidence has been presented (12, 19) 
that autoxidation of cholesterol occurred 
when it was incubated in cell culture me- 
dia in an atmosphere of air in the pres- 
ence and absence of cells. Oxygenated 
sterols generated in this way probably 
account for the weak inhibitory activity 
frequently associated with cholesterol 
when it is incubated for prolonged peri- 
ods of time with cell cultures in the ab- 
sence of an antioxidant. 

Some of the oxygenated sterols which 
are known to be inhibitory are normal 
metabolites in cells and may function 
there as regulators. Hydroxylation of 
cholesterol to give 7a-hydroxycholes- 
terol is the first step in bile acid produc- 
tion. Similarly, hydroxylation to give 
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Fig. 1. 5a-Cholestan-3,/-ol. Introduction of a 
ketone or hydroxyl function at any one of the 
numbered positions produces a potent inhib- 
itor of sterol synthesis. 

20a-hydroxycholesterol occurs dur- 

ing the production of steroid hormones 
from cholesterol. Recent reports (20) 
demonstrating the enzymatic production 
of (24S)-24-hydroxycholesterol (cere- 
brosterol) in brain are noteworthy in this 
respect because this inhibitory sterol 
could be involved in determining the 
marked dramatic changes in sterol pro- 
duction that accompany development of 
the central nervous system. Whereas ox- 
ygenated products of cholesterol metab- 
olism may play a regulatory role in the 
organs mentioned above, most of the 
cells of the organism do not convert cho- 
lesterol into any of the known inhibitory 
oxygenated sterols. It is possible that in 
these cells a dihydroxy precursor of cho- 
lesterol functions as a regulator since 
sterols with a 14-hydroxymethyl group 
or with a 15-hydroxyl function have been 
shown to inhibit sterol synthesis in cul- 
tured cells (21). 

Obvious advantages are associated 
with the control of cholesterol synthesis 
by different sterols in different organs. In 
liver and in endocrine glands, the supply 
of sterol must conform with the need of 
the organism for secretory products (li- 
poproteins, bile acids, and steroid hor- 
mones); in brain it must conform with 
cell division during development and 
with the myelination process; in most 
other cells it must conform with cell divi- 
sion and possibly, under some condi- 
tions, with differentiation and with repair 
and maintenance of cell membranes. The 
system that regulates the activity of 
HMG-CoA reductase is sensitive and 
able to bring about rapid changes in the 
rate of sterol synthesis. It seems ade- 
quate, therefore, to meet discontinuous 
and quantitatively different requirements 
for cholesterol by various cells of the or- 
ganism. 

The oxygenated sterols inhibit cellular 
sterol synthesis by depressing the activi- 
ty of HMG-CoA reductase. In the pres- 
ence of relatively high concentrations of 
the most powerful inhibitors, the enzyme 
activity in fibroblasts and in rat hepa- 
toma cultures declines with a half-life of 

approximately 1 hour. The half-life of the 
enzyme activity found under these con- 
ditions is not inconsistent with estimates 
ranging from 1 to 4 hours for the half-life 
of the hepatic enzyme in vivo-values 
obtained through other procedures (1). 
The mechanism through which HMG- 
CoA reductase activity is suppressed by 
the oxygenated sterols is not yet clear. 
The sterols do not affect the activity of 
the enzyme when they are mixed directly 
with microsomal enzyme preparations 
(12). Thus, it seems that they must either 
suppress the synthesis of the enzyme, in- 
crease the rate of its degradation, or in- 
activate it by some indirect mechanism. 
In regard to this question, it is useful to 
consider what is known of mechanisms 
by which other regulatory fluctuations in 
HMG-CoA reductase are accomplished. 
A marked diurnal cycle in hepatic HMG- 
CoA reductase in vivo is brought about 
by alterations in the rate of enzyme syn- 
thesis. Induction of HMG-CoA reduc- 
tase activity by injecting Triton WR1339 
(a detergent) or by feeding cholestyra- 
mine (a resin that increases the excretion 
of bile acids from the intestine) also ap- 
pears to involve an increase in the rate of 
enzyme synthesis (1, 22). The synthesis 
of HMG-CoA reductase is suppressed 
when cholesterol is added to the diet 
(22). Thus, it is reasonable to postulate 
repression of the synthesis of HMG-CoA 
reductase by the oxygenated sterols as 
an explanation for their effect in cultured 
cells and on liver and intestine in vivo. In 
addition, dietary cholesterol appears to 
cause inactivation of the enzyme before 
it represses its synthesis, suggesting that 
it has two effects in liver (23). Bierne et 
al. (24) and Bell et al. (11) have present- 
ed data that, they suggest, indicate that 
the initial effect of 25-hydroxycho- 
lesterol in rat hepatoma cell cultures is to 
inactivate HMG-CoA reductase or to in- 
crease the rate of its degradation. 
Whether the oxygenated sterols repress 
the synthesis of the enzyme or inactivate 
it by some indirect mechanism, it is 
likely that the mechanism of action in- 
volves binding of the inhibitor to specific 
sites on some macromolecule or sub- 
cellular structure. Consistent with this 
expectation, binding of 25-hydroxy- 
cholesterol to a cytosolic protein (or pro- 
teins) different from the protein (or pro- 
teins) that binds cholesterol has been 
demonstrated (25). 

The oxygenated sterols suppress 
sterol synthesis in vivo as well as in cell 
cultures, although their effects in rats 
and mice are different from those of cho- 
lesterol. Dietary 7-ketocholesterol and 
25-hydroxycholesterol suppressed sterol 
synthesis in the intestines but not in the 
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livers of mice (5), whereas in rats dietary 
7-ketocholesterol caused transient inhi- 
bition of hepatic sterol synthesis (26). 
Apparently, the inhibitory effects of the 
oxygenated sterols tested in vivo are lim- 
ited by their rapid metabolism and by 
their ability to induce enzyme systems 
that result in their inactivation (26). In 
addition to anticipated effects of oxygen- 
ated sterols on sterol synthesis in vivo, 
dietary 3,/-hydroxy-5a-cholest-8(14)-en- 
15-one produced a marked depression in 
the level of blood cholesterol in rats (27), 
and all of the inhibitors tested so far 
caused a dramatic suppression of appe- 
tite when they were fed with the diet to 
mice and rats (5, 26, 27). Appetite sup- 
pression was not due to an unpalatable 
flavor of the sterols since mice did not 
exhibit an aversion to diet containing 25- 
hydroxycholesterol, 7-ketocholesterol, 
or 20a-hydroxycholesterol when given 
the choice of an alternative diet contain- 
ing cholesterol. It has not been estab- 
lished whether the effects of the oxygen- 
ated sterols upon appetite and blood cho- 
lesterol levels are directly related to the 
inhibition of sterol synthesis. 

Consequences of Blocked Sterol 

Synthesis 

Apparently all mammalian cell cul- 
tures synthesize sterols when grown in 
medium containing serum from which 
the lipids have been removed or in medi- 
um from which serum is omitted. Many 
cultures also synthesize sterol at appre- 
ciable rates when complete serum is 
present in the medium (19, 28). How- 
ever, removal of the serum lipids gener- 
ally stimulates the rate of sterol syn- 
thesis. It is not clear to what extent the 
suppressive effect of serum lipids on 
sterol synthesis is due to oxygenated 
sterols, either present at the time of their 
use, or generated from cholesterol dur- 
ing incubation of the serum, or serum lip- 
ids, with the culture. 7,/-Hydroxy- 
cholesterol was isolated from horse 
serum in 1940 (29) and was found to be 
present in several samples of fetal calf 
serum used in our laboratory for cultur- 
ing cells. The amount of 7/3-hydroxy- 
cholesterol increased when the serum 
was incubated at 37?C with the cultures 
(19). 

When an oxygenated sterol (such as, 
25-hydroxycholesterol or 7-ketocholes- 
terol) is added to the serum-free medium 
of L-cell cultures, HMG-CoA reductase 
activity and the rate of sterol synthesis 
decline and are nearly completely sup- 
pressed within a period of hours. Con- 
comitant with (or immediately following) 
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the suppression of HMG-CoA reductase 
the concentration of cellular sterol and 
the rate of DNA synthesis also decline. 
At 24 to 36 hours after addition of the in- 
hibitor, growth of the culture has essen- 
tially stopped, and after 48 hours the 
cells become rounded and detached from 
the surface of the flask (12, 16, 30). Ap- 
parently the oxygenated sterols block 
cell division in the G, phase of the cell 
cycle (13, 31). Roughly coinciding with 
the cessation of growth, the concentra- 
tions of sterol in the whole cells and in 
the plasma membrane reach a minimum 
value approximating one-half of the ini- 
tial level. This diminished concentration 
of sterol is maintained thereafter as long 
as enough cells for testing survive in the 
culture flask (16). No significant changes 
in the concentrations of phospholipids 
occur in the blocked cells, and thus the 
molar ratio of sterol to phospholipids is 
diminished from approximately 0.4 to 
0.2. Because the viscosity of the lipid 
core of the plasma membrane is a func- 
tion of the concentration of sterol, a de- 
crease in the ratio of cholesterol to phos- 
pholipids indicates an increase in mem- 
brane fluidity, provided that com- 
pensatory changes in other membrane 
components do not occur (32). The in- 
creased fluidity of the plasma membrane 
in sterol-deficient L cells alters several of 
its functions. There is an increase in the 
rate of rubidium transport by the Na+, 
K+-activated adenosine triphosphatase 
system, an increase in the passive efflux 
of rubidium from the cells (33), as well as 
increased membrane fragility (16). The 
sterol-depleted cells are unable to take 
up soluble horseradish peroxidase by 
pinocytosis, indicating that vesicle for- 
mation and internalization of the plasma 
membrane is dependent on the mainte- 
nance of a suitable level of rigidity in the 
lipid core of the membrane (34). 

It is not clear to what extent changes 
in membrane function accompanying the 
blockage of sterol synthesis are related 
to the cessation of DNA synthesis and 
cell division. Obviously, cell replication 
requires the production of new mem- 
brane, and cholesterol is required for 
this. It may be that the failure to produce 
cholesterol for membrane formation dur- 
ing an early stage of the cell cycle pre- 
vents further steps leading to mitosis. 
The requirement for additional choles- 
terol during a particular stage of cell divi- 
sion is illustrated by the results of studies 
with lectin-stimulated lymphocytes and 
leukemic cells (13, 35). Soon after the ad- 
dition of phytohemagglutinin to a normal 
lymphocyte culture, a cycle of sterol 
synthesis commences and reaches a 

peak after about 24 hours. Synthesis of 

DNA begins after about 24 hours and 
reaches its peak at 48 hours. If the syn- 
thesis of cholesterol is suppressed by an 
oxygenated sterol during the first 24 
hours of culture, the subsequent syn- 
thesis of DNA and cell division are also 
suppressed. After the synthesis of cho- 
lesterol has reached its peak, the addi- 
tion of an oxygenated sterol does not af- 
fect the subsequent phases of the cell 
cycle. A similar but somewhat faster se- 
quence of events occurred in leukemic 
cells that had been stimulated with a rel- 
atively low concentration of lectin. 

It is important that the sterol require- 
ments of L-cell cultures incubated with 
an oxygenated sterol can be met by ex- 
ogenously supplied cholesterol, des- 
mosterol, or mevalonate (the product of 
the reaction catalyzed by HMG-CoA re- 
ductase). Growth rates, concentrations 
of cellular and membrane sterol, rates of 
Rb+ transport and endocytosis can be 
maintained for several generations in L 
cells that are prevented from synthesiz- 
ing sterol provided that desmosterol, 
cholesterol, or mevalonate is present in 
the medium (16, 30, 33, 34). In contrast, 
a cycle of de novo sterol synthesis was a 
prerequisite for DNA synthesis in prima- 
ry cultures of mouse or human lympho- 
cytes, even though the cells were cul- 
tured in medium containing lipoprotein 
cholesterol or cholesterol dispersed with 
albumin (13, 35). 

In trying to understand an apparent re- 
quirement for endogenous sterol syn- 
thesis by dividing lymphocytes and the 
lack of such a strict requirement by di- 
viding L cells, it may be important to 
consider the origins of the two kinds of 
cell culture. Probably, established lines 
of cultured cells grown in medium con- 
taining serum have frequently (if not 
continuously) been exposed to products 
of cholesterol autoxidation (19). Cell 
lines established in the presence of these 
inhibitory compounds may have been se- 
lected for an ability to grow and divide 
without synthesizing cholesterol. One 
possible mode of adaptation would be to 
increase their ability to take up choles- 
terol from the medium. 

Inherent in this analysis is an assump- 
tion that cells normally (that is, in vivo) 
synthesize sterol needed for cell division 
even though cholesterol may be present 
in extracellular fluids. Several kinds of 
evidence support this assumption. The 
most direct evidence-that obtained in 
studies with lectin-stimulated primary 
cultures of lymphocytes-has already 
been described. Perhaps of most interest 
in this regard are reports showing that 
cells proliferating in vivo synthesize cho- 
lesterol at high rates that are essentially 
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independent of dietary cholesterol or of 
blood levels of the sterol. Proliferating 
tissues and cells with high rates of sterol 
synthesis include intestinal mucosa, 
epidermis, spontaneous-or well differ- 
entiated-transplantable tumors (3, 4, 
6-8, 36), and, as was previously men- 
tioned, developing brain. However, non- 
dividing muscle cells do not synthesize 
sterol at appreciable rates, and mature 
brain synthesizes little sterol even 
though it is isolated from blood choles- 
terol. The high rates of sterol synthesis 
in proliferating cells in vivo, largely inde- 
pendent of circulating levels of choles- 
terol, suggest that de novo sterol syn- 
thesis is a requirement for division of 
these cells under physiological condi- 
tions, as it is in lymphocyte cultures in 
vitro. 

Pharmacological Implications 

Although pharmacological control 
over cholesterol biosynthesis has long 
been sought as a means for regulating the 
amount of cholesterol in the blood and 
for the prevention and treatment of ath- 
erosclerosis (37), specific inhibitors of 
sterol synthesis have not, heretofore, 
been available. Several complications 
limit the use for this purpose of the inhib- 
itory sterols that have been studied so 
far. Those inhibitors that have been most 
thoroughly tested (7-ketocholesterol and 
25-hydroxycholesterol) appear to be me- 
tabolized so rapidly in the liver that inhi- 
bition of hepatic and intestinal cholester- 
ol synthesis is transient and their effects 
on blood levels of cholesterol are mini- 
mal (26). It should be possible, through 
further study, to diminish this obstacle 
by altering the structures of the inhib- 
itory molecules so as to reduce their me- 
tabolism, by finding a more effective way 
to administer them, or by a combination 
of these. The observation that 3f3-hy- 
droxy-5a-cholest-8(14)-en- 15-one, ad- 
ministered orally or subcutaneously, 
lowered blood cholesterol, and that the 
palmitate and hemisuccinate esters of 
this compound and 14a-ethyl-5a-cholest- 
7-en-3/3,15a-diol were also active in this 
regard when injected subcutaneously in- 
to rats, offers hope that this end can be 
attained (27, 38). However, studies with 
oxygenated sterols have brought to light 

some previously unforeseen conse- 
quences of blocked sterol synthesis. If 
sterol synthesis is required for cell divi- 
sion in vivo, as appears to be the case, 
then administration of a potent inhibitor 
of sterol synthesis may block cell divi- 
sion in intestine, bone marrow, lymphoid 
tissues, and epidermis to the detriment 
of the organism. These effects, if signifi- 
cant in vivo, could limit the therapeutic 
use of the sterols to reduce serum cho- 
lesterol. In contrast, the same effects of 
the oxygenated sterols on cell division 
might be useful in the control of abnor- 
mal rates of cell division, such as those 
occurring in cancers. It is also possible 
that the dramatic effect of the oxygen- 
ated sterols on appetite can be exploited 
to reveal new ways for regulating food 
consumption. Much remains to be 
learned before further speculation re- 
garding these questions is profitable. 
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