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Oxysterols are oxygenated derivatives of cholesterol
with a very short half-life relative to cholesterol. As a
consequence they are present in very low concentra-
tions in all mammalian systems, almost invariably
accompanied by 103- to 10°-fold excess of cholesterol.
Oxysterols are important intermediates in a number
of hepatic and extrahepatic catabolic pathways, most
of which generate water-soluble bile acids as final
products. Based on largely indirect evidence, and in
spite of their low levels in vivo, oxysterols are gener-
ally believed to be important physiological mediators
of cholesterol-induced effects. Perhaps the best sup-
port for this model is the existence of nuclear recep-
tors that bind these compounds with high affinity
and the fact that oxysterols potently regulate the
expression of sterol-sensitive genes in vitro. Here I
consider the role of oxysterols as intermediates in dif-
ferent catabolic pathways, and I weigh the evidence
for and against the “oxysterol hypothesis” of choles-
terol homeostasis.

Oxygenation in cholesterol metabolism

Cholesterol synthesis requires only one oxygenation
reaction, but several such steps are necessary in its
degradation to bile acids and its conversion to steroid
hormones. Introduction of an oxygen atom in choles-
terol drastically reduces its half-life and directs the mol-
ecule to leave the body. The physical properties of oxys-
terols facilitate their degradation and excretion, as
oxysterols are able to pass lipophilic membranes much
more quickly than does cholesterol itself (1).

While all cells may have at least some ability to oxy-
genate cholesterol, the liver and the endocrine organs
have the highest capacity for such reactions. The liver
is key in this regard, since it contains all of the enzymes
required to convert an oxysterol into a water-soluble
bile acid that can be excreted in bile. The most impor-
tant oxygenases active on cholesterol all belong to the
cytochrome P-450 family. Because of the irreversible

catabolic consequences of the oxygenation, there is a
need for metabolic control of the cytochrome P-450
species that act on cholesterol, particularly the rate-lim-
iting oxygenation reactions associated with the major
pathways for bile acid production.

Hepatic oxysterols as intermediates

in bile acid synthesis

The major pathway in the biosynthesis of bile acids
in mammalian liver starts with a hydroxylation of
cholesterol in 7a-position (Figure 1). This hydroxy-
lation is rate-limiting in the overall conversion and is
catalyzed by a microsomal cytochrome P-450
(CYP7A1), a well -studied enzyme whose transcrip-
tional regulation may be somewhat different in duf-
ferent species (2-5). For instance, the nuclear recep-
tor LXRo is important for the regulation of the
enzyme in rodents but not in humans. However,
CYP7AL1 is principally regulated under normal con-
ditions by negative feedback regulation by bile acids
reabsorbed from the intestine, which reach the liver
via the portal vein.

In addition to the pathway initiated by CYP7A1, there
is an alternative pathway starting with a hydroxylation
of cholesterol in 27-position (Figure 1). This hydroxy-
lation is catalyzed by a mitochondrial cytochrome
P-450 (CYP27), an enzyme present in most tissues and
organs. Because CYP27 can oxidize the terminal methyl
group not only into a CH,OH group but also into a
carboxylic acid (to form cholestenoic acid), this alter-
native route to bile acid synthesis is called the “acid”
pathway. CYP27 also participates in the major pathway
to bile acids by mediating the conversion of the C-27
steroid side-chain into the C-24 steroid side-chain. As
with CYP7A1, hepatic CYP27 may be regulated by a
number of factors, including the enterohepatic flux of
bile acids. Considerable species variation exists, how-
ever, and human hepatic CYP27 seems to be relatively
insensitive to regulation at a transcriptional level (fora
review, see ref. 5).

Another, more minor hepatic pathway converts
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24S-hydroxycholesterol formed in the brain by CYP46
(Figure 1) into bile acids, but the details of this process
are not clear. At least half of the 24S-hydroxycholes-
terol is excreted in bile in sulfated and/or glu-
curonidated form or as a corresponding conjugate of
24,27-dihydroxycholesterol (6) (Figure 2).
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lase, a non-heme iron protein (7).
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25-Hydroxycholesterol (Figure 1) is a minor oxysterol
that may be formed in different types of tissues by a
specific enzyme not belonging to the cytochrome P-450
family (7). The mode of regulation of this enzyme has
not been defined. 25-Hydroxycholesterol is known to
be converted into normal bile acids in the liver,
although less efficiently than other compounds, such
as 70-hydroxycholesterol.

Very recently it was shown that one of the major
oxysterols in the circulation, 4B-hydroxycholesterol
(Figure 1), is formed from cholesterol in the liver and
possibly also in the intestine by the cytochrome
P-450 species CYP3A4 (8). While the metabolic end
products of 4B-hydroxycholesterol have not yet been
defined, the existence of 4B-hydroxylated bile acids in
humans suggests that this oxysterol can be metabo-
lized in the liver.

Oxysterols as transport forms of cholesterol

Due to the ability of oxysterols to pass cell mem-
branes and to equilibrate with lipoproteins at a much
faster rate than that of cholesterol, formation of an
oxysterol is a mechanism by which some cells may
eliminate excess cholesterol. The most important
oxysterols involved in such transport mechanisms are
side-chain oxidized oxysterols with an oxygen func-
tion in 24- or 27-position. After reaching the circula-
tion, such side-chain oxidized oxysterols are rapid-
ly taken up by the liver and further oxidized into
bile acids or other water-soluble metabolites. This

Figure 2

Roles of CYP27 and CYP46 in transport of cholesterol from extrahep-
atic organs to the liver. Cholesterol does not pass readily across the
blood-brain barrier, but cholesterol produced in the brain can be oxi-
dized by CYP46 to form the more soluble species 24S-hydroxycholes-
terol. Likewise, 27-hydroxycholesterol is formed in other extrahepatic
cells and contributes to the net flow of circulating oxysterols from other
organs to the liver (10).
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mechanism can be regarded as an alternative to the
classical reversed cholesterol transport mediated by
ABC transporters and HDL (see Tall et al., this Per-
spective series, ref. 9).

Two quantitatively significant mechanisms for
oxysterol elimination are known, one meditated by
CYP27, and the other by CYP46 (Figure 2). 27-Oxy-
genated cholesterol metabolites flow continuously
from peripheral tissues to the liver (10) and are
thought to represent precursors for about 5-10% of
total hepatic bile acid production (10, 11).
Macrophages, which express high levels of CYP27,
may depend on oxidative elimination of cholesterol
by this pathway in order to avoid cholesterol accu-
mulation. Indeed, cholesterol is found to accumulate
in cultured human macrophages exposed to an
inhibitor of CYP27 (10, 12). Consistent with the view
that CYP27 is an antiatherogenic enzyme, patients
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with cerebrotendinous xanthomatosis lack a normal
copy of CYP27 and are at risk of premature athero-
sclerosis despite the normal levels of cholesterol in
their circulation (13). Furthermore, as discussed
below, mice with the corresponding null mutation do
not develop atherosclerosis, at least not on a normal
diet. In vitro, the sterol 27-hydroxylase pathway
appears to be most important when cells are not pro-
vided with an extracellular acceptor such as HDL
(10). Indeed, we (unpublished observations) have
found some signs that the sterol 27-hydroxylase
mechanism is modestly upregulated in Tangier dis-
ease, where HDL is deficient (see Tall et al., this Per-
spective series, ref. 9).

CNS neurons contain the CYP46 cytochrome P-450
species, which hydroxylates cholesterol to yield 24S-
hydroxycholesterol (10, 14). Unlike cholesterol, this
oxysterol can pass the blood-brain barrier. In
humans, the resulting flux of 24S-hydroxycholesterol
from the brain into the circulation is continuous and
is similar in magnitude to hepatic uptake of this
species (Figure 2), indicating that most of the
24S-hydroxycholesterol present in the circulation
originates from the brain. In rat brains, the rate of
24S-hydroxycholesterol synthesis is matched by the
rate of synthesis of cholesterol, suggesting that there
is a balance between synthesis and metabolism of
cholesterol (15). The contribution of CYP46 to CNS
cholesterol homeostasis in the human brain is not
known, and cholesterol can also be transported from
the brain into the cerebrospinal fluid by a mecha-
nism mediated by apoE (16). Under normal condi-
tions, this mechanism appears to be of little quanti-
tative importance for efflux of cholesterol from the
brain, but it may play a large part in transport with-
in the human brain.

Oxysterols in the circulation

Due to the high levels of cholesterol in the circula-
tion and the risk of autoxidation to yield 5,6- and
7-oxygenated oxysterols during isolation and
workup, it has long been uncertain whether 7-ketoc-
holesterol, 7B-hydroxycholesterol, 5,6-epoxycholes-
terol, and 3f3,50,,6B-trihydroxycholestane exist in vivo
(Figure 1). To address this question, we (17) exposed
rats to '80; and analyzed the resulting 30-labeled
oxysterols in the animals’ plasma. We observed sig-
nificant incorporation of 80 into all oxysterols
except the 5,6-oxygenated steroids, which we there-
fore regard as probable methodological artifacts.
Indeed, these oxysterols generally seem to disappear
when extraction and chromatography are conducted
in an oxygen-free environment. Conversely, the other
species appear to be formed in vivo by oxygen-
dependent oxygenases or by direct attack of active
oxygen species in nonenzymatic reactions.

Most of the 7o-hydroxycholesterol present in
the circulation is probably produced by hepatic
CYP7AL1, since the activity of this enzyme covaries
with plasma levels of 7a-hydroxycholesterol (18). On
the other hand, most of the 7B-hydroxycholesterol and

7-ketocholesterol present in the circulation may be sec-
ondary products of lipid peroxidation. Interestingly,
the levels of 7B-hydroxycholesterol appear to be
increased in connection with cardiovascular disease
(19). Circulating 27-hydroxycholesterol, which is main-
ly of extrahepatic origin, is likewise found at high lev-
els in some patients with advanced atherosclerosis, but
this is not a general finding.

Plasma levels of 24S-hydroxycholesterol have been
shown to reflect the balance between cerebral pro-
duction and hepatic metabolism of the oxysterol (20)
and are highest during the first years of life, decreas-
ing by a factor of about four during the first two
decades of life. During this period the ratio between
the size of the brain and the size of the liver de-
creases by a factor of about three. The levels of
24S-hydroxycholesterol may also decrease as a con-
sequence of severe neurological diseases affecting the
number of neurons in the brain (21).

Plasma levels of 4f-hydroxycholesterol are likely to
reflect the amount of CYP3A4 present in the liver.
Patients treated with antiepileptics and other drugs that
upregulate this cytochrome may have levels of 4B-hydrox-
ycholesterol 10- to 20-fold higher than normal (8).

Cholesterol is currently thought to exist in vivo in
three distinct pools, distinguished by their rates of
exchange with plasma cholesterol: One pool ex-
changes rapidly, one slowly, and one essentially not at
all. Recent studies in which deuterium-labeled cho-
lesterol were infused at high levels into a human vol-
unteer showed that 7a-hydroxycholesterol in the
human circulation originates from the pool that is in
rapid equilibration with plasma cholesterol (22).
Most of 27-hydroxycholesterol originates from the
pool that is only slowly exchangeable. In accordance
with the contention that most or all 24-hydroxycho-
lesterol originates from brain cholesterol, this oxys-
terol reflects the pool with practically no exchange
with plasma cholesterol. Thus, each of the three major
oxysterols in the circulation can be regarded as a
marker for a specific pool of cholesterol in the body.

Oxysterols as potential regulators

of cholesterol homeostasis

Cholesterol- and oxysterol-induced transcriptional
silencing has been defined in detail (23) and is known
to involve a sterol-responsive element (SRE) in the
promoter of target genes. This sequence is recognized
by a sterol-responsive element-binding protein
(SREBP), which initiates transcription. As recently
reviewed by Horton et al. in the JCI (23), the amino-
terminal half of an SREBP precursor is cleaved from
the membranes by a series of proteolytic steps in cells
depleted of cholesterol. The peptide released has a
DNA-binding domain that binds to the SRE
sequence and a transactivation domain that modu-
lates the transcription activity. In the presence of
sterols — either cholesterol or oxysterols — no such
proteolytic cleavage occurs. A specific protein, SREBP
cleavage-activating protein (SCAP), is responsible for
the regulation of the cleavage of SREBP and may be
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regarded as a sensor for the levels of the steroids in
the cell. Although cholesterol synthesis in isolated
cultured cells can be suppressed by either exogenous
cholesterol or oxygenated cholesterol derivatives, the
concept that the short-lived intermediates in choles-
terol catabolic pathways, rather than cholesterol
itself, downregulate cholesterol synthesis is very
attractive. In particular, 25-hydroxycholesterol has
been found to be one of the most potent suppressors
of sterol synthesis in cultured cells, and this specific
oxysterol has been used as a general tool to identify
sterol-sensitive genes.

Many but by no means all of the available data are
consistent with this oxysterol hypothesis. Initial sup-
port for this idea came from the work of Kandutsch
et al. (24), who found that oxysterols are much more
active than cholesterol itself in suppressing choles-
terol synthesis; indeed, oxysterols are potent suppres-
sors at concentrations as low as 102 M, whereas cho-
lesterol is only weakly inhibitory at 10~ M. Also
consistent with the idea that contaminating oxys-
terols account for the transcriptional response, the
inhibitory effect of cholesterol was found to disap-
pear after addition of vitamin E to the medium. Fol-
lowing up on this experiment, Kandutsch and
Thompson characterized a cytosolic protein whose
affinities for different oxysterols correlated with the
potency of the oxysterol to suppress HMG CoA reduc-
tase in fibroblasts (25). Addition of 25-hydroxycho-
lesterol causes it to redistribute within the cell and
become associated with the Golgi apparatus, suggest-
ing a role for this protein in the intracellular transport
of oxysterols. This protein, now known to be one of a
family of oxysterol-binding proteins (26), seems to be
present in most or all animal cells.

In vivo studies by Saucier et al. (27) have shown that
several oxysterols accumulate in mouse liver after cho-
lesterol feeding, suggesting that these oxysterols could
act through one or more of the oxysterol-binding pro-
teins to downregulate HMG CoA reductase and block
endogenous cholesterol synthesis. The levels of the
accumulating oxysterols found were sufficient to
explain the observed downregulation, as judged by data
obtained from in vitro studies with pure oxysterols.
While these data are consistent with the oxysterol
hypothesis, the concern remains that the physiological
ligands of these proteins are not known with certainty,
particularly since some of the members of the oxys-
terol-binding family bind phospholipids and may be of
importance for vesicular transport. Moreover, the addi-
tion of pure oxysterols to in vitro systems can be
regarded as highly nonphysiological.

While such experiments can give useful informa-
tion concerning the sterol-sensitivity of different
genes, no firm conclusions can be drawn concerning
oxysterols’ normal functions, since oxysterols in vivo
are always present together with 103- to 108-fold
excess of cholesterol. It has been shown that some
biological effects of oxysterols are markedly reduced
even when they are moderately diluted with choles-
terol (28). Furthermore, while the oxysterol-binding
nuclear receptors exhibit a very high affinity for

oxysterols under in vitro conditions, with little or no
measurable affinity for cholesterol, this specificity
has not been tested in a physiological range. Hence,
it remains to be established whether these nuclear
receptors can interact specifically with oxysterols that
are present in a mixture containing a more than
104-fold excess of cholesterol.

Another argument in favor of the oxysterol hypoth-
esis derives from experiments with cultured cells,
indicating that blockade of the cytochrome P-450
system prevents the normal LDL-induced suppres-
sion of cholesterol synthesis (for a review, see ref. 29).
The specificity of the cytochrome P-450 inhibitors
used in these experiments may, however, be ques-
tioned, and it has not been possible to link these
effects to a specific oxysterol.

Finally, the recent identification of nuclear receptors
LXRo and LXR as regulators of cholesterol metabo-
lism has been taken as strong evidence that oxysterols
mediate cellular cholesterol homeostasis. LXRo
strongly modulates the transcription of the choles-
terol transporters ABCA1 and ABCG1, which partici-
pate in cholesterol flux from enterocytes and
macrophages, respectively (for a review, see ref. 30).
The LXRs also seem to regulate human cholesteryl
ester transfer protein, and LXRot is an important reg-
ulator of cholesterol 7a-hydroxylase in mice (4). LXRot
and LXRp bind with high affinity to oxysterols, espe-
cially 24S-hydroxycholesterol and 24,25-epoxycholes-
terol, and oxysterols are generally believed to be the
most important physiological activators for these
receptors. However, whether or not the oxysterols are
ligands for these receptors under in vivo conditions is
not known with certainty, and it is difficult to exclude
arole for unmodified cholesterol, as either a ligand for
or an antagonist to these receptors.

In addition to the various caveats that plague some
of the arguments favoring the oxysterol hypothesis,
there is also a body of data that seem difficult to
square with this idea. For instance, while administra-
tion of dietary cholesterol to mice leads to a marked
suppression of cholesterol synthesis in the liver,
replacement of cholesterol with different derivatives
that reduce or block hydroxylation of positions 7, 24,
and 27 fails to prevent the suppressive effect of the
sterol on hepatic cholesterol synthesis (for a review,
see ref. 29). Erickson and Nes have shown that even a
complete elimination of the steroid side-chain of cho-
lesterol does not prevent the inhibitory effect on
hepatic cholesterol downregulation in this mouse
model (31). Likewise, recent experiments with geneti-
cally engineered mice have shown that even marked
changes in plasma levels of specific oxysterols
(25-hydroxycholesterol and 27-hydroxycholesterol)
lead to surprisingly small changes in cholesterol
turnover and homeostasis (32, 33).

The problems in evaluating the literature on this
subject may be illustrated by one specific oxysterol,
27-hydroxycholesterol — one of the major oxysterols
in the circulation. In view of its strong suppression of
cholesterol synthesis in cultured cells and its contin-
uous flux from peripheral sources to the liver,
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27-hydroxycholesterol would appear a very attractive
candidate to be a regulatory steroid. However, the data
from genetically engineered mice and mice fed cho-
lesterol derivatives that cannot be modified at the 27
position weaken this hypothesis substantially. The
fact that humans lacking CYP27, the enzyme that gen-
erates 27-hydroxycholesterol, have normal circulating
levels of cholesterol also argues that this oxysterol is
not uniquely required for cholesterol homeostasis.
One report on CYP27-deficient cultured human
fibroblasts (34) suggests that formation of 27-hydrox-
ycholesterol may be important for the normal sup-
pression of cholesterol synthesis by LDL, but another
group has reached a different conclusion (35). In a
very recent work, Fu et al. (36) found evidence that
cholesterol 27-hydroxylation can activate LXR, result-
ing in increased activity of the cholesterol transporters
ABCA1 and ABCG1 in cholesterol-loaded skin fibrob-
lasts and monocyte-derived macrophages. In two
other studies, however, 27-hydroxycholesterol was not
found to be an efficient activator of human LXR (37,
38). Based on an in vitro study on levels of oxysterols
in different subcellular fractions of the livers of mice
exposed to dietary cholesterol, Zhang et al. recently
concluded that 27-hydroxycholesterol is not likely to
be an important regulator of cholesterol homeostasis,
at least not at a transcriptional level (39), since this
steroid fails to accumulate in the nucleus after admin-
istration of cholesterol. Thus, most studies to date
do not support the contention that 27-hydroxycho-
lesterol represents an important regulator of choles-
terol homeostasis.

Oxysterols and atherosclerosis

When added to cultured endothelial cells and arterial
smooth muscle cells, oxysterols are cytotoxic and may
also induce apoptosis (see Tabas, this Perspective
series, ref. 40). Based on such experiments, oxysterols
have been suggested to be atherogenic, but the high-
ly nonphysiological conditions used in most experi-
ments preclude strong conclusions. Since oxysterols
mimic many of the effects of cholesterol, dietary oxys-
terols might be expected to be atherogenic, but clear
evidence for this is lacking. A great number of studies
have been published on effects of dietary oxysterols
on experimental animals (for an excellent review, see
ref. 41). Of 13 such studies, six indicate a proathero-
genic effect, four an antiatherogenic effect, while
three show no significant effect.

Oxidatively modified LDL, whose proatherogenic
effect is usually explained by its internalization via
unregulated scavenger receptors, contains 7-hydroper-
oxycholesterol and its more stable degradation prod-
ucts 70- and 7B-hydroxycholesterol and 7-ketocholes-
terol. 7-Hydroperoxycholesterol appears to be the
most cytotoxic oxygenated lipid in oxidized LDL (42)
and may well be a powerful atherogenic factor. Unfor-
tunately, studies to address this possibility are difficult
because of the compound’s great lability. Toxic oxys-
terols associated with modified lipoproteins may thus
represent an additional atherogenic factor, over and
above the simple accumulation of cholesterol in foam

cells in the developing atherosclerotic lesion. If so, it
will be important to consider the role of other oxys-
terols in modifying this risk. In particular, since the
putative antiatherogenic enzyme CYP27 appears to be
highly active in human atheromas, it may be that one
oxysterol, 27-hydroxycholesterol, participates in a
defense mechanism that suppresses cholesterol accu-
mulation in the presence of 7-hydroperoxycholesterol
or other harmful lipids.
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