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[. INTRODUCTION

The biosynthesis of oxysterols in mammalian systems has been intensely studied for decades.® The
continuing interest in the cholesterol biosynthetic pathway has intensified following clinical observations
that the incidence of cardiovascular disease is greater in individuals with higher than normal levels of
serum cholesterol.*> More recently, the results of numerous clinical studies have indicated that the
lowering of serum cholesterol levels may reduce the risk of coronary heart disease® and even promote
the regression of atherosclerotic lesions.52 Serum cholesterol levels can often be controlled by restricting
the dietary intake of cholesterol. However, with a significant number of patients, this approach does not
result in the reduction of serum cholesterol concentrations to lower levels. This makes the devel opment
of other approaches to control serum cholesterol levels an imperative goal of cardiovascular research.*®

A more recent approach to this problem has been the development of inhibitors of cholesterol or
sterol biosynthesis. A key regulatory enzyme of cholesterol biosynthesis is 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase (EC 1.1.134) which catalyzes the reductive deacylation of
HMG-CoA to yield mevalonate (Figure 1).°1° The addition of highly purified cholesterol to cultured
cells does not affect the activity of HMG-CoA reductase or the rate of sterol biosynthesis.!1? However,
various oxysterols have been shown to be potent suppressors of HMG-CoA reductase activity resulting
in marked reductions of sterol biosynthesis.'®* These observations led Kandutsch and coworkers!®4 to
hypothesize that oxysterols, rather than cholesterol, may function as the natural regulators of HMG-CoA
reductase activity and sterol biosynthesis.
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Figure 1 The enzymatic reduction of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) to mevalonate by
HMG-CoA reductase.

Sterols bearing a second oxygen function in addition to that at carbon-3 are termed oxysterols and
have been demonstrated to possess diverse biological activities.®1>” Some of these include cytotoxicity,
atherogenicity, carcinogenicity, mutagenicity, hypocholesterolemia, and various effects on specific
enzymes. In addition, several oxysterols have been isolated from drugs used in folk medicine for the
treatment of cancer.1820 Other studies have shown that certain oxysterols have significant activity in the
inhibition of DNA synthesis in cultured cells.?%
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A significant property of many oxysterols is their ability to repress HMG-CoA reductase activity in
cultured mammalian cells.%152 This suppression of activity has been found to vary over a wide range,
depending on the structural features of the oxysterol. As a general trend, inhibitory activity increases as
the distance between carbon-3 and the second oxygen group becomes greater. Sterols with an additional
oxygen function in ring D and the side chain have been shown to have the highest activity. An intact
side chainis arequirement for potent activity a decrease in the length of the (iso-octyl) side chain results
in decreased activity.?* Other noticeable trends indicate a relationship between inhibitory activity and
the extent to which the second oxygen function is sterically hindered. In general, axial hydroxyl groups
are more hindered and possess |ower activities than the less hindered equatorial conformation.®242> Steric
hindrance from other parts of the steroid molecule can result in diminished activity (i.e., effect of carbon-
14 alkyl substituents on the carbon-15 hydroxyl group).? It has been suggested that oxygen functions
in conformationally flexible positions, such as those in ring D and in the side chain, produce more
inhibitory steroids due to increased effectiveness of hydrogen bonding or hydrophilic interactions with
receptor molecules.t”

Oxysterols having the second oxygen function in the side-chain region of the sterol structure are
termed side-chain oxysterols. As a class of compounds, side-chain oxysterols are known to be potent
inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, a key regulatory enzyme
in the biosynthesis of sterols. Structural variations in the side-chain oxysterols influence enzyme inhi-
bition. Under certain conditions biological systems have been induced to produce side-chain oxysterols,
adding support to the hypothesis that oxysterols may be natural regulators of sterol biosynthesis in the
intact cell. The specific inhibition of sterol biosynthesis is of special interest since it may prove useful
in the prevention of reversal of certain cardiovascular diseases and may also prove to be useful in the
control of normal and abnormal cell growth.

II. THE OXYSTEROL REGULATION HYPOTHESIS

In the preceding section we have described evidence which suggests a regulatory mechanism which, by
analogy to steroid hormone receptors and bacterial induction-repression systems, requires a binding
protein to recognize oxysterols and to mediate subsequent cellular events. There is evidence for the
existence of a specific cytosolic receptor protein for oxysterols.?4?” After the activities of a number of
sterols were evaluated, a good correlation was found between the actions of certain oxysterols on
HMG-CoA reductasein L cellsand their affinity for an oxysterol binding protein.2* Moreover, the actions
of oxysterols which depress the rate of cholesterol biosynthesis from lanosterol and possibly inhibit
the 14-demethylation of lanosterol are also postulated to exert their actions by an oxysterol binding
protein. 232829

The most frequently utilized side-chain oxysteral, in the study of HMG-CoA reductase regulation,
is cholest-5-ene-3[3,25-diol (25-hydroxycholesterol). This oxysterol is a potent inhibitor of enzymatic
activity (1Cg, <1uM).11131425 Repression of the synthesis of immunoprecipitable HMG-CoA reductase
by this oxysterol has been demonstrated by Faust et a.* in a Chinese hamster ovary (CHO)-derived
compactin-resistant cell (UT-1) line that overproduces the enzyme and by Sinensky et a .3t in CHO cells.
Luskey et al.®? have shown that the level of mMRNA for the reductase in UT-1 cells is reduced in the
presence of the oxysterol. Similar results were obtained by Kandutsch et a. in wild-type CHO cells.11:13.24
These results were utilized by Kandutsch and Thompson,® who proposed the following model for the
regulation of HMG-CoA reductase activity by oxysterols: The oxysterol binds to a cellular protein and
the resultant oxysterol-protein complex then acts to repress transcription of the gene for reductase
production. In support of this model, Kandutsch et al. have isolated a protein which exhibits high affinity
and low capacity for 25-hydroxycholesterol and other oxysterols which are known to suppress reductase
activity.242527:34 Although 25-hydroxycholesterol has been isolated from cells, there is no direct evidence
that this oxysterol functions as the natural regulator of cholesterol biosynthesis.®® This model (Figure 2)
was in direct contrast to the prevailing view that cholesterol, accumulating in cells after endocytosis of
low density lipoprotein (LDL) (containing cholesteryl esters), is the regulatory messenger molecule.®

IIl. THE DIOXIDOSQUALENE PATHWAY

Primary metabolism in mammalian systems is known to produce side-chain oxysterols. Derivatives of
cholesterol hydroxylated in the 25- or 26-positions are produced in liver during bile acid biosynthesis
and side-chain hydroxylation at the 20a— and 22 R-positions in the initia step of the conversion of
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Figure 2 The Kandutsch model for the oxysterol regulation of sterol biosynthesis. (Adapted from References
45 and 46.)

cholesterol to steroid hormones in endocrine organs.32° Another mode of oxysterol biosynthesis has
been described which utilizes the isopentenoid pathway to produce side-chain derivatives of cholesterol
and lanosterol (Figure 3).4941 Such compounds are derived from sgualene 2,3-epoxide by the introduction
of a second oxygen function to form 2,3,22,23-dioxidosqualene prior to cyclization. Thus, this interme-
diate has been shown to form 24(S),25-epoxylanosterol, 24(S),25-epoxycholesterol, and 25-hydroxyc-
holesterol in mammalian systems.*25 24(S),25-Epoxychol esterol has been isolated from cultured mouse
L cells, Chinese hamster lung fibroblasts, and human liver.®> These oxygenated side-chain derivatives
have been shown to be potent inhibitors of HMG-CoA reductase and sterol biosynthesis, and possess a
high affinity for the oxysterol binding protein.3>4-# These results add further support to the hypothesis
that oxysterols may be natura regulators of cholesterol biosynthesis in mammalian cells.’%13 This
dioxidosqualene pathway has recently been reviewed.*>*” Also, its occurrence in plants, animals, and
microorganisms*4® and its evolution in a variety of organisms have been reviewed.®

IV. REGULATION OF HMG-CoA REDUCTASE

Sterol biosynthesis is controlled and catalyzed by the major and regulatory enzyme 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase. Therefore, much of the effort directed towards the
development of inhibitors of sterol biosynthesis has focused on this enzyme. #5152

Collectively, oxysterols are not known to be significant inhibitors of the HMG-CoA reductase found
in plant tissues.>-% However, in intact animal cells, oxysterols are potent inhibitors of reductase activ-
ity.%1224 This response requires intact cells and active protein synthesis. It has recently been attributed
to adecreasein therate of HMG-CoA reductase synthesis**3157 and under some,3°58 but not all, conditions
to an increase in the rate of enzyme degradation. Side-chain oxysterols, which are products of primary
metabolism, are among the most potent inhibitors of enzymatic activity. This high activity may be a
result of their proposed role as natural regulators of cholesterol biosynthesis in mammalian systems.

It has been shown that the inhibitory activity of these compounds may vary in different cell lines. In
this report we have attempted to combine the results from a number of different studies and organize
these results according to the type of reported cell line.

The suppression or inhibition of HMG-CoA reductase actively L cells (asubline of NCTC clone 929
mouse fibroblasts) by a number of side-chain oxysterols is presented in Table 1, as collected from
published reports.2335€0 |n general, sterols with an intact iso-octal side chain and a 3p-hydroxyl group
showed more potent inhibitory activity.?#3> Also in general terms, sterols with a 3-ketone group showed
somewhat less activity than those with a 3B-hydroxyl group.?* It is known that 3-keto sterols with a
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Figure 3 The biosynthesis of sterols and side-chain oxysterols in plants, animals, and microorganisms.

saturated A ring are efficiently reduced in L cell cultures to the alcohols while A*-3-ketones are not
reduced and accumulate as the conjugated ketones exhibiting less activity.?

These types of results have been reported in other cell lines. Table 2 presents the results of inhibition
studies carried out with primary cultures of fetal mouse liver cells.® Although the overall values for
reductase inhibition are somewhat lower than those reported for L cells (Table 1), the general trendsin
inhibition activity remain similar. Side-chain oxysterols with intact iso-octyl side chains exhibit the
greatest inhibition. The most potent oxysterol in these series was cholest-53-ene-3,25-diol (15-hydrox-
ycholesterol).

In a like manner, the effect of side-chain oxysterols on the reductase found in rat intestinal epithelial
cells (IEC-6, CRL-1592) are presented in Table 3.46! In these studies, lanost-8-ene-33,25-diol was the
most potent inhibitor of enzymatic activity. Chemical oxidation to the 3-keto derivative resulted in a
significant reduction in reductase activity.*® The authors aso reported that dioxidosgualene was cyclized
to 24(S),25-epoxylanost-8-en-33-0l and metabolized to 24(S),25-epoxylanost-8-en-33-al in this cdl line®

Recently, (25R)-5a-cholest-8(14)-ene-3[3,26-diol-15-one was found to be a potent inhibitor of reduc-
tase CHO-K1 cells.82 At a concentration of 0.1 M, this oxysterol caused a 50% reduction in enzymatic
activity. Its potency was indistinguishable from that of its analog devoid of the carbon-26 hydroxyl
group, 3B-hydroxy-5a-cholest-8(14)-en-15-one. Interestingly, 3p-hydroxy-5a-cholest-8(14)-en-15-one
and (25R)-cholest-5a-ene-3[3,26-diol (both potent inhibitors of reductase) have been found to shown
synergism in the reduction of the levels of reductase activity in CHO-K1 cells.® When equimolar
concentrations of these were added together, synergistic reduction of enzyme activity was observed at
total oxysterol concentrations of 0.1 uM, 0.2 uM, and 0.5 pM. Maximal synergistic effect in lowering of
reductase activity (28% greater than that predicted) was observed at 0.1 uM total oxysterol concentrations.

In other recent studies, 25-fluorocholesterol was prepared by treatment of 25-hydroxycholesterol with
hydrogen fluoride-pyridine and its inhibition of HMG-CoA reductase in CHO-K1 cell studied.®* It was
thought that the 25-fluoresterol might behave like a hydroxyl group but unlike a proton. In this study
25-hydroxycholestrol caused a 66% lowering of reductase activity at 0.1 uM, whereas the 25-fluorosterol
had no effect. At a concentration 25 times higher (2.5 uM), the 25-fluorosterol caused only a 43%
suppression of enzymatic activity.

In a related report, 25,20,20,26,27,27,27-heptafluorocholesterol was prepared in eight steps from
3a,60-diacetoxy-53-cholanic acid.®® It had little or no effect on the levels of HMG-CoA reductase
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Table 1 The Side-Chain Oxysterol Inhibition of HMG-CoA
Reductase Activity in L Cells

Inhibition of

Reductase Activity
Oxysterols (UM, 1Cy)
Cholest-5-ene-3[3,25-diol 0.17
(259)-Chol est-5-ene-3f3,26-diol 0.16
(25R)-Chol est-5-ene-33,26-diol 0.26
Cholest-5-ene-3[3,20a-diol 0.30
3pB,25-Dihydroxychol est-5-en-7-one 0.48
27-Norcholest-5-ene-3f3,200-diol 0.77
27-Norcholest-5-ene3[3,25-diol 0.86
24(S),25-Epoxychol est-5-en-33-ol 0.89
3B-Hydroxycholest-5-en-24-one 1.0
3B-Hydroxy-27-norchol est-5-en-25-one 12
26,27-Bisnorchol est-5-ene-33,20a-diol 12
3B-Hydroxycholest-5-en-22-one 14
25-Hydroxycholesta-4,6-dien-3-one 18
3B-Hydroxylanost-8-en-24-one 18
Cholest-5-ene-33,22(S)-diol 19
25-Hydroxycholest-4-en-3-one 35
20-Pentyl prega-5-ene-33,20a-diol 54
20-Butylprega-5-ene-33,20a-diol 8.2
25,26,27-Trinorchol est-5-ene-33,20a-diol 9.7
25-Hydroxycholesta-3,5-dien-7-one 10
20-Propyl pregn-5-ene-33,20a-diol >30.0
20-Ethyl pregn-5-ene-33,20a-diol >30.0

20-Methylpregn-5-ene-3p3,20a-diol —
Pregn-5-ene-3p3,20a-diol —

Data from References 24, 35, and 60.

Table 2 The Side-chain Oxysterol Inhibition of HMG-CoA
Reductase Activity in Primary Cultures of Liver Cells

Inhibition of
Reductase Activity
Oxysterol (UM, 1Cy)
Chol est-5-ene-3(3,25-diol 30
Cholest-5-ene-3p3,20a-diol 32
Cholest-5-ene-33,22(S)-diol 5.8
Cholest-5-ene-3(3,22(R)-diol 75
20-Pentylprega-5-ene-33,20a-diol 10.0
27-Norcholest-5-ene-33,25-diol 26.0
3B-Hydroxycholest-5-en-24-one 62.0
20-Butylprega-5-ene-3p3,20a-diol 75.0
3B-Hydroxy-27-norchchol est-5-en-25-one >75.0

Data from Reference 35.

Table 3 The Side-Chain Oxysterol Inhibition of HMG-CoA
Reductase Activity in Rat Intestinal Epithelial Cells
Inhibition of Reductase

Activity
Oxysterol (UM, 1Cy)
L anost-8-ene-3f3,25-diol 0.10
24(9),25-Epoxylanost-8-en-33-ol 0.24
24(S),25-Epoxychol est-5-en-3-ol 0.30
25-Hydroxylanost-8-en-3-one 0.30

Data from References 44 and 59.
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activity in CHO-K1 cells over the range of concentrations studied (0.1 pM to 2.5 uM). The F,-cholesterol
only showed a marginal (12%) lowering of reductase activity at 2.5 pM.

V. CONCLUSIONS

We have reviewed studies on the side-chain oxysterol repression of HMG-CoA reductase activity in
various mammalian cell lines. We have also included examples of a number of derivatives. These results
have provided much useful information concerning the possible role of side-chain oxysterols as natural
regulators of reductase activity and thus sterol biosynthesis. These studies have contributed to our basic
knowledge concerning the regression of cholesterol biosynthesis in general. Continued basic research
in this area may provide further leads for the development of new technology useful in the control of
cholesterol biosynthesis and the reduction of serum cholesterol levels.
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