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The first unequivocal evidence that animals can synthesize cholesterol
froI smaller nmolecules1' 2 wras followed Nithin a few years by a series of
studies demoinstrating that the rate of cholesterogencsis is subject to a
number of control processes. The studies of Gould,3 Tomkiins, et al,4 and
Frantz, et al,5 demonstrated independently that the feeding of cholesterol
leads to a striking inhibition of de novo cholesterol synthesis. As shown in
Table 1, the administration of eveni relatively small amounts of cholesterol
to rats causes a significanit depression in the rate of cholesterogenesis in liver
slices from such animals; there is, moreover, Inow good evidence that even on
a cholesterol free diet, hepatic cholesterol synthesis is normally depressed as
a result of endooenous cholesterol acting upon cholesterogenesis as a feed-
back inhibitor.6 At high levels of exogenous cholesterol, hepatic cholestero-
genesis can be markedly depressed to less than 3 % of control levels (Table
1).
A series of studies from our laboratory over the past decade has attenmpted

to elucidate the biochemical site and nmechanismr of this cholesterol feedback
reaction. As shown in Fig. 1, cholesterol is know-n to be synthesized from
acetyl CoA through the intermuediate, f-hydroxy-f-methylglutaryl CoA,
which also serves as an obligatory precursor of all ketone bodies. On the
pathwtay to cholesterol, fl-hydroxy-fl-methylglutaryl CoA contributes its
carbons to muevalonic acid, which through a series of reactions forms squa-
lene and finally cholesterol itself. In 1960,7 on the basis of indirect measure-
inents of various steps in cholesterol biosynthesis, we first suggested that
the specific reactioin responsible for the feedback control of cholesterol
syinthesis is located at the point of conversion of f-hydroxy-13-methyl-
glutarate to mevalonate. A few years later we w-ere able to develop m-lethods
for measuring directly the synthesis of imievalonic acid,8 aind in 19689 it, was
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TABLE 1
Effect of Varying Amnotunts of Dietary Cholesterol on Cholesterol Synthesis

Cholesterol in Diet %

0
0.1
0.25
0.5
1.0
2.5

Cholesterol Synthesis (nmoles of added acetate-2-14C)

67
36
28
1.8
2.4
1.8

Tissue slices, 500 mg, inscubated with 1 ,uc acetate-1-'4C for 2 hours in 5 ml of Krebs-
Ringer buffer at 370 C.

Acetyl Aceto- ,G-hydroxy-fi-methyl- Meval- Squalene*--CholesterolCoA *acetyl glutorate (CoA) onate
CoAi/

IKrebs - - -
iCycle
I Primary Site of
t Cholesterol Feedback
CO2 Acetoacetic Acid Inhibition

I

,8-hydroxybutyric Acid

FIG. 1. Biochemical site of the cholesterol negative feedback regulation.

possible to show unequivocally that the feedback regulation of cholestero-
geniesis depends upon a specific control mechanism located at the enzyme
responsible for mevalonate synthesis, i.e., f-hydroxy-0-methylglutaryl CoA
reductase. This conclusion has subsequently been confirmed by several
laboratories10 11, 12, 13, 14; and while it is clear that the prolonged feeding
of cholesterol may lead to secondary inhibition of reactions beyond meva-
lonate,7 15 there is no question that the reaction responsible for the syn-
thesis of mevalonic acid represents the primary site of cholesterol feedback
control.
From the anatomical standpoint, it is of interest that the intracellular

site of this feedback control mechanism clearly lies in the membranous
structure that makes up the endoplasmic reticulum of the cell. Alevalonic
acid synthesis does not take place to a significant extent in the mitochon-
dria. On the other hand, the microsome is responsible for over 90'% of
mevalonic acid produced, with the cytosol aecounting for the remaining
10 %. Finally, Nhen the microsome is subfractionated into its three major
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compoIneiits, the ribosoiime, a soluble imterior anid the lipoprotein outer
menmbrane, mevalonic acid synthesis, and therefore the control of cho-
lesterol synthesis, is found to be localized alnmost exclusively on this lipid
memibrane.9

It has been known for many years that the synthesis of cholesterol can
take place in many extrahepatic tissues of the body, notably in the intes-
tine16, 17; however, it has generally been held that the cholesterol feedbaek
control mechanism is localized only to the liver. Recently, studies by Dr.
Johni Dietschy18, 19, 20 have demonstrated that in the rat, intestinal cho-
lesterogenesis is also under feedback control, but in contrast to the case in
liver, bile acids rather than cholesterol are responsible for activating this
feedback control mechanism. furthermore, it is now clear that there are
strikinig species differences in the tissue localization of this feedback mech-
anism. The recent studies of Swann, et al2l have indicated that in contrast
to the rat, every tissue in the guinea pig so far studied possesses a cholesterol
sensitive cholesterol feedback system. Mlost surprisingly, the lung of the
guiniea pig can synthesize cholesterol at a rate as rapid as that of liver, and
in this tissue, too, cholesterol synthesis is under feedback control. The
physiologic significance of pulmonary cholesterogenesis remains unknown;
morcover, there are at present no data to indicate whether the tissues of
man behave like those of the guinea pig with its ubiquitous cholesterol
feedback system or like the rat, in which feedback control of cholesterol
synthesis appears to be localized to the liver, and in a nmodified form to the
intestine.
The relationship of the cholesterol feedback control mechanisnm to hyper-

cholesterolemiia and atherosclerosis remains unknown. However, there is
to date only suggestive evidence that a damping of this feedback system
may be present in familial hypercholesterolemia.22 By contrast, over the
past few years there has developed a striking and consistent associatioii
between a complete absence of the cholesterol feedback system and cancer.
The first suggestion that there might theoretically be a relationship be-
tween loss of a feedbac'kl control mechanism and malignancy was published
by Potter.23' 24 This investigator raised the possibility that deletion of
a specific feedback mechanism could lead to the overproduction of a
critical cellular intermediate, wN-hich in turn might be responsible for un-
controlled cell growsth, and hence produce a malignant change within the
afflicted cell. The first, and to date the only, example of the consistent loss
of such a feedback system has proven to be that controlling cholesterol
synthesis. This relationship was first shown in the case of a mouse hepatoina,
BW 7756.2) In striking contrast to normal mouse liver, this spontaneous
hepatoma undergoes no inhibition of cholesterol synthesis on adding cho-
lesterol to the diet. AMost significantly, the cholesterol feedback control
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mechaniism has been shown to be absent in every one of a series of nlininmal
deviation rat hepatomas studied to date.26' 27 MIany of these tumors, as
their namne implies, show only insignificant morphologic differences from
niornmal liver, and are so highly differentiated that they possess almost all
of the biochemical properties that characterize liver. Such tumors have for
these reasons been widely employed as a means of detecting chemical al-
terations that might be characteristic of caneer per se rather than the results
of the non-specific dedifferentiation that usually accompanies mlalignant
change. The consistenit loss of the cholesterol feedback mechanism in such
mlinimal deviation hepatomas, therefore, provides at least suggestive evi-
de-nce that this lesion may be a characteristic of cancer. Loss of the feedback
control of cholesterol synthesis is not restricted to hepatic cancers, as evi-
denced by the presentce of a similar lesion in leukemic cells, as reported at
these meetings two years ago.28 Absence of this control mechanism has,
moreover, been showoii in two cases of human hepatoma.26 While the exact
mechanismn by which tumors lose their ability to respond to exogenous
cholesterol is unkinown-, we have recently been able to demonstrate that
the defect responsible for the loss of the cholesterol feedback system in
tumors is specifically located at f-hydroxy-f-methylglutaryl CoA redue-
tase.29
The consisteint loss of the cholesterol feedback mechanism in all tumors,

coupled with the fact that this lesion remains the only example of such a
biochemical defect in malignant tissues, indicated that conceivably there
might be a causal relationship between the loss of this control mechanism
and carcinogenesis. Perhaps the most suggestive evidence for such a rela-
tionship is the observation, initially made by our laboratory,30' 1 and sub-
sequently confirmed by Sabine,32 that various carcinogens, specifically
aflatoxin-B30 and N-2-fluorenylacetamide,32 result in a loss of the cholesterol
feedback system in precancerous liver many months before overt malig-
nancy appears.
As indicated in Table 2, the feeding of aflatoxin to either the rainbow

trout or the laboratory rat causes a relatively prompt blunting or loss of
cholesterol feedback control, whereas this carcinogen produces malignancy
only many months after administration. It should be emphasized, however,
that the incehanism by which an alteration in mevalonic acid synthesis
might lead to a malignant change in the cell remains completely unknown.
The findiing that hepatomas are not subject to the sanme biochemical

restraint inl sterol syiithliesis that is plrscsnt in liver raises the (luestioni of the
physiologic inmpact of such a tumor on the overall imetabolisnm of cholesterol
in the intact animal. It wN-as possible that such hepatonmas wN-ould retain
newly synthesized sterols for use in building n+ew cell imlembranes, or alter-
natcly they could release cholesterol inito the, circulation to conitribute to
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TABLE 2
Effect of Aflatoxin on Cholesterol Feedback Control

Cholesterol
Animal Treatment Diet Synthesis(nmoles

acetate-14C)

Trotut None Normal 50
Cholesterol 15

Aflatoxin 300 mg/Kg IP once 5 days before Normal 32
study Cholesterol 36

Rat, None Normal 4.8
Cholesterol 0.2

Aflatoxiai 1 mg/day oIn Days 1 & 2* Normal 32
Cholesterol 28

* Sttudy carried out oI D)ay 5.

the circulating cholesterol pool. Dr. Lee A. Bricker has approached this
problem employing a cholesterol blocking agent, Triparanol (or MIER/29)
as an aid in evaluating the endogenous synthesis and release of sterols by
such tumors.33' 3 35 Triparanol blocks the conversion of the cholesterol
precursor, desmosterol, to cholesterol; and as a result, desmosterol in the
blood replaces and can serve as a marker of endogenous cholesterol produc-
tion. Since desmosterol can readily be detected in minute quantities by
means of gas liquid chromatography, it was possible to determine the effect
of cholesterol feeding upon endogenous sterol production and release into
the bloodstream simply by measuring serum desmosterol concentrations in
triparanol-treated animals. As shown by the gas liquid chromatogram in
Fig. 2B, triparanol administration causes an accumulation of desmosterol
in the blood; however, the feeding of cholesterol to a normal animal results
in the complete disappearance of this desmosterol from the circulation.
This experiment in normal rats clearly demonstrates that the cholesterol
feedback system is operative in the intact animal, and by implication sug-
gests that in the normal rat, endogenous cholesterol in the blood is probably
derived primarily from the liver, in which cholesterol synthesis is suppress-
able by exogenous cholesterol.
As shown in F'ig. 2D, E, and F, when the comparable experiment is

carried out in a tumor bearing rat, the results are strikiingly different.
Triparanol, tis shownNIl inllFig. 2E, again leads to the appearance of a rela-
tively large desmiosterol accumulation in the, blood; however, in contrast
to the normal aninmal, when cholesterol is fed to the hepatoma bearing rat,
Fig. 2F, the circulating desmosterol is not significantly affected.
These results strongly suggest that in thfe tumor-bearing animal, plasmlla

sterol is derived almiiost exclusively fromii the hepatoma rather thain fromii
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FIG. 2. (GLC demonstration of feedback control of sterol synthesis in normal rats
(A, B, C); and loss of the cholesterol feedback system in rats bearing hepatoma 7787
(1), E, F).

the liver, and as a result, complete suppression of sterol synthesis in the
liver by the feeding of cholesterol has no influence upon the circulating
endogenous sterol conceentration. These studies therefore demonstrate that
the hepatoma readily releases newly synthesized cholesterol into the blood-
stream and in fact it can be calculated that in the case of the tumor under
study, Morris hepatoma 7787, only 2 % of the newly synthesized cholesterol
is retained by the tumor, with the remaining 98 % being contributed to the
circulation, and hence to the overall sterol pool of the rat.

Aside from the theoretical implications of such a loss of cholesterol feed-
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back cont rol in h1epatomi1as, it is apparent that the failure of exogeinous
chlolesterol to suppress thie endogenous cholesterol in the plasma provides
a relatively simple nmeains of detectiing the presence of hepatomas in the
intact alnimnal. In fact, by measuring the desmosterol concentration of suchl
cholesterol-fed animilals, it has beein possible to detect hepatomias I10 larger
thani 100 mng in size. Studies are currently underway to determinle whether
this procedure can be applied to other types of tunmors, and more important,
whether the technique is applicable to nman.

SUMAIARY

1) These studies have demonstrated that the control of cholesterol syn-
thesis is mediated by a single enzymatic reaction, catalyzed by B-hydroxy-
0-methylglutaryl CoA reductase, which is responsible for the synthesis of
mervalonic acid. At least in the liver, this enzyme, and therefore the conitrol
of cholesterol, is localized to the endoplasnmie reticulum of the cell.

2) This feedback system has recently been demonstrated to have a far
more widespread tissue distribution than has hitherto been suspected,
operating in the intestine probably in all higher animals and, at least in
the guinea pig, in every tissue examined, including the luing anid the brain.

3) Loss of the cholesterol feedback control mechainism appears to be a
consistent accompaniment of nmalignant change in all cancers studied to
date; moreover, the defect in this control system can precede the develop-
ment of cancer by many months and perhaps years.

4) Finally, it has recently been demonstrated that the cancer-induced loss
of the cholesterol feedback mechanism can readily be detected in the intact
anlimal simply by gas chromatographic measurement of desmosterol con-
centrations of a small sample of blood. This finding indicates that at least
in hepatomas, loss of the cholesterol feedback system leads to a release of
sterols into the bloodstream; and the inability to suppress such endogenous
sterol production and secretion by cancer cells may provide a relatively
simple m?eaiis of detecting the presence of such tumors in the iiltact or-
ganiism.
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