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Are side-chain oxidized oxysterols regulators also in vivo?
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Abstract Oxsterols are oxygenated metabolites of choles-
terol that are short-lived intermediates or end products in
cholesterol excretion pathways. They are present in very low
concentrations in mammalian systems, always accompanied
by a high excess of cholesterol. According to current con-
cepts, side-chain oxidized oxysterols may be mediators of
many cholesterol-induced regulatory effects. When added
to cultured cells in vitro, side-chain oxidized oxysterols limit
intracellular cholesterol levels by at least three different
mechanisms: ) binding to Insig with subsequent block of the
sterol regulatory element-binding proteins (SREBP)-mediated
mechanism for regulation of sterol sensitive genes; 2) increas-
ing degradation of hydroxymethylglutaryl-coenzyme A (HMG-
CoA) reductase, eventually by a mechanism involving binding
of Insig to the enzyme; 3) activation of LXR-mediated stimu-
lation of cholesterol transporters and cholesterol metabolism.
Addition of pure unesterified oxysterols to cell cultures is how-
ever highly unphysiological, and the in vivo relevance of such
experiments is questionable. Transgenic mouse models with
markedly reduced or increased concentration of some specific
oxysterols do not present marked disturbances in cholesterol
turnover and homeostasis. Oxysterol-binding proteins such as
LXR have been conclusively shown to be of importance for
cholesterol turnover in vivo, but their physiological ligands
have not yet been defined with certainty. il During the last
few years, new experimental data has accumulated support-
ing the contention that side-chain oxysterols are involved in
some LXR-mediated regulation in vivo, at least in some bio-
logical systems. The new findings will be critically reviewed
here.—Bjorkhem, I. Are side-chain oxidized oxysterols regu-
lators also in vivo? J. Lipid Res. 2009. 50: $213-S218.

Supplementary key words 27-Hydroxycholesterol e 24S-hydroxycholes-
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Oxysterols are oxygenated metabolites of cholesterol
that are shortlived intermediates in cholesterol excretion
pathways (as reviewed in Refs. 1-3). They are present in
very low concentrations in mammalian systems, always
accompanied by high excess of cholesterol. Oxysterols, in
particular those with the extra hydroxyl group is present
in the steroid side chain, have a high capacity to affect
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critical genes in cholesterol turnover under in vitro condi-
tions. Because these metabolites are considerably more
potent than cholesterol in this respect, they have been sug-
gested to mediate a number of cholesterol-induced effects.
Due to the high and unphysiological levels of free oxysterol
used, with a ratio between the added free oxysterol and
cholesterol often orders of magnitude higher than normal,
it is not possible to evaluate the physiological importance of
the effects from such experiments. The possibility has been
discussed that high levels of free exogenous oxysterols may
act upon plasma membranes by displacing cholesterol from
phospholipid complexes (4). Such displacement may send
some of the plasma membrane cholesterol to other in-
tracellular compartments where it can result in multiple
homeostatic effects. Such effects are less likely to occur
under in vivo conditions.

Part of the explanation for the much higher effect of
side-chain oxidized cholesterol than cholesterol itself may
be their high mobility. Side-chain oxidized oxysterols are
thus known to pass lipophilic biomembranes at rates up
to 3 magnitudes faster than cholesterol (5, 6). This means
that uptake of side-chain oxidized cholesterol species by
the cell is likely to be less dependent on receptor-mediated
mechanisms. This also means that oxysterols are suitable
as transport forms of cholesterol and that conversion of
cholesterol into a side-chain oxidized derivative is a strat-
egy used in nature to eliminate excess cholesterol from
the cells. The best examples of this is the elimination of
cholesterol from cholesterol-loaded macrophages and en-
dothelial cells by conversion into 27-hydroxycholesterol
and cholestenoic acid and the elimination of cholesterol
from the brain by conversion into 24S-hydroxycholesterol,
which is able to pass the brain-blood barrier (2, 3).

In two previous reviews (2, 3) we pointed out that while
it is evident that oxysterols are important intermediates in
bile acid synthesis and significant transport forms of cho-
lesterol, their physiological importance as regulators of
cholesterol homeostasis in vivo is still uncertain and mainly
based on indirect evidence. Transgenic mouse models with
highly varying levels of side-chain oxidized oxysterols due
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to overexpression (7) or lack (8, 9) of the critical hydroxy-
lase or the major oxysterol metabolizing enzyme (10), pres-
ent modest changes only in over-all cholesterol homeostasis.

There are only a few examples of a high accumulation
of side-chain oxidized free oxysterols in vivo. 27-Hydroxy-
cholesterol, approximately 85% in esterified form, is known
to accumulate in substantial amounts in human atheromas
together with esterified cholesterol (11). As a consequence
of the high level of cholesterol in the atheroma macrophages,
conversion of cholesterol into 27-hydroxycholesterol is likely
to increase. Also the ACAT activity will increase, resulting in
increased esterification of cholesterol and oxysterols. Be-
cause there appears to be a preferential increase in oxysterol
esterification, such a mechanism may explain the “trapping”
of esterified 27-hydroxycholesterol in atheromas.

During the last few years, important new experimental
data have accumulated supporting the contention that
side-chain oxidized oxysterols may be of regulatory impor-
tance in vivo, at least in some biological systems. These
findings will be critically reviewed here. The review will
be restricted to effects of side-chain oxidized oxysterols
on cholesterol homeostasis, and the recent work suggest-
ing that 27-hydroxycholesterol may be involved in neuro-
degeneration and modulating estrogen receptor response
will thus not be discussed here.

In principle, oxysterols may affect cholesterol-sensitive
genes by three different mechanisms: /) interaction with
the sterol regulatory element-binding proteins (SREBP)-

mechanism; 2) activation of the LXR mechanisms; 3) ef-
fect on the degradation of specific enzymes. With one
exception, the present review will be restricted to oxysterols
that are formed from cholesterol by oxidation of the steroid
side-chain. The exception is 24,25-epoxycholesterol, which
is derived from a precursor of cholesterol.

The formation and structures of the side-chain oxidized
oxysterols discussed in this review is shown in Fig. 1.

INTERACTION WITH THE SREBP-MECHANISM

The role of SREBPs for cholesterol, homeostasis is well
established by the elegant work from the laboratory of
Goldstein, DeBose-Boyd, and Brown (12) utilizing in vivo
and in vitro models. Cholesterol synthesis in mammals
has thus been demonstrated to be controlled by a regu-
lated transport of SREBPs from the endoplasmic reticulum
to the Golgi, where the transcription factors are processed
proteolytically to release active fragments. The SREBP-escort
binding protein Scap and the anchor protein Insig are key
proteins in this mechanism. Using purified recombinant
versions of Insig and Scap cholesterol and oxysterols were
shown to act by different mechanisms (13). Cholesterol acts
by binding to Scap, thereby causing Scap to bind to the
anchor protein Insig. In contrast, oxysterols bind prefer-
entially to Insig with the consequence that Insig binds to
Scap. It was further shown that two of the six transmem-
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Fig. 1. Formation of the side-chain oxidized oxysterols discussed in this review.
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brane helices of Insig are important for its binding to oxy-
sterols and to Scap.

It was suggested that the binding of oxysterols to Insig is
important for the ability of oxysterols to inhibit cholesterol
synthesis in animal cells.

The relevance of this mechanism for the situation in vivo
is not obvious. Under in vivo conditions, the ratio between
cholesterol and the oxysterol in the cell may be 10° or
higher, and the situation may be similar in the critical
membranes to which SREBP is bound. Whether Insig is
able to selectively bind oxysterols in the presence of high ex-
cess of cholesterol has not been demonstrated.

It seems unlikely that the small variations expected to
occur in the ratio between side-chain oxidized oxysterol
and cholesterol under normal physiological conditions is
of major importance for the SREBP-mediated mechanism.

ARE CHOLESTEROL-INDUCED EFFECTS ON SOME
CRITICAL STEROL SENSITIVE GENES MEDIATED
BY ACTIVATION OF LXR-SIGNALING BY 24-, 25-,
OR 27-HYDROXYCHOLESTEROL IN
EXTRACEREBRAL TISSUES?

It is well established that the nuclear receptors LXRa
and LXRp are of importance for cholesterol metabolism.
A knock-out of the genes coding for these nuclear recep-
tors do not cause any acute effects in young mice, and
highly nonphysiological dietary challenges with 1% or
2% cholesterol in diet are necessary to demonstrate con-
sequences of the gene defects (14). Aging mice, however,
depleted for LXRa and LXRB developed foam cells in
spleen, lung, and arterial wall also on a normal diet (15).
This is clearly consistent with a protective role of the LXR-
systems in atherogenesis.

It is important to emphasize that the cholesterol-induced
effects on cholesterol-sensitive genes mediated by the LXR
systems are considerably lower than those possible to achieve
with a strong synthetic agonist to LXR.

The LXRs became “adopted” orphan receptors when it
was found that oxysterols present in biological systems are
ligands and activators of LXR under in vitro conditions.
Cholesterol accumulating in the circulation and in the tis-
sues is thus believed to increase formation of oxysterols,
which are ligands to the LXR-systems. Activation of the
LXR-target genes (ABCA1, ABCGI1, ABCG5, ABCGS,
CYP7A1) can be regarded as a defense mechanism coun-
teracting accumulation of cholesterol.

The physiological candidates for LXR-binding among
the oxysterols are 27-hydroxycholesterol, 24S-hydroxycho-
lesterol, 25-hydroxycholesterol, and 24,25-epoxycholesterol
(as reviewed in Refs. 2 and 3). All these oxysterols bind
and activate LXR, with the epoxide and 24S-hydroxycholes-
terol being most efficient.

The specific oxysterol(s) that may mediate the cholesterol-
induced effects have however not been defined with cer-
tainty. The possibility has been discussed (S. Meaney,
unpublished observations) that the LXR system is evolu-
tionary designed to protect from exogenous steroids or

other similar compounds that are side-chain oxidized and
then eliminated as a consequence of the activation of LXR
and the LXR-target genes ABCG5/ABCGS.

Under in vitro conditions, cholesterol has a very low af-
finity to the binding site of LXR, but because it is present
in high excess, it may affect the binding of the oxysterol.
When the ligand binding domain of LXR is exposed to
mixtures of cholesterol and a side-chain oxidized oxysterol,
a 500- to 1,000-fold excess of cholesterol will prevent the
binding of the oxysterol (16). If this is the situation also
in vivo, binding of an oxysterol to LXR would be possible
only in biological systems with a ratio of the oxysterol to
cholesterol that is higher than 1 per 1,000. This is the situa-
tion in the brain, in cholesterol-loaded macrophages, and
possibly also in the lung. In these biological systems, varia-
tions in the oxysterol levels would be expected to lead to
changes in the degree of activation of the LXR-systems. In
view of the difficulties to measure oxysterol to cholesterol
ratios in specific cell environments, it is difficult to draw firm
conclusions from such measurements, however. At the pres-
ent state it is not possible to exclude cholesterol as a physio-
logical ligand or as an antagonist to the LXR systems (3).

As pointed out above, genetically engineered mice with
marked changes in plasma levels of side-chain oxidized
oxysterols have surprisingly small changes in cholesterol
turnover and homeostasis (7—-10). A potential problem is
that disappearance of one oxysterol could be compen-
sated for by another. In a recent elegant study by Chen
etal. (17), attempts were made to interfere with activation
of nuclear receptors by side-chain oxidized oxysterols un-
der in vivo conditions.

The first approach was to overexpress an oxysterol cat-
abolic enzyme, cholesterol sulfotransferase, in cultured
mammalian cell lines. This overexpression resulted in in-
activation of oxysterol-induced LXR signaling but did not
alter the receptor response to a nonsterol agonist, T0901317.
A likely explanation is an inactivation of the oxysterol by
sulfonation. This approach was also used in a set of in vivo
experiments, using mice infected with adenovirus express-
ing either B-galactosidase or sulfotransferase and fed diets
consisting of normal chow or chow enriched with 1% cho-
lesterol or the above nonsterol agonist. Addition of choles-
terol to the diet led to the induction of the LXR target genes
cholesterol 7o-hydroxylase (CYP7A1), SREBP-1, ABCG5,
ABCGS in mice transfected by the 3-galactosidase virus but
not in the mice infected by the sulfotransferase. Feeding
the nonsterol agonist to the sulfotransferase-expressing mice
resulted in a stimulation of all the above genes.

Because sulfotransferase is active not only toward oxy-
sterols but also toward cholesterol, the possibility cannot
be excluded that overexpression of the enzyme leads to
depletion of cholesterol in critical membranes. In theory,
such depletion may affect LXR-signaling by a mechanism
that does not involve oxysterols.

A more selective approach was therefore used, using a
transgenic mouse model in which three specific oxysterol
biosynthetic genes were knocked out, the cholesterol 24-
hydroxylase (Cyp46Al), the cholesterol 25-hydroxylase,
and the cholesterol 27-hydroxylase (Cyp27). As expected,
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cholesterol feeding induced five established LXR tar-
get genes in wild-type mice [Cyp7Al, lipoprotein lipase,
SREBP-1c, ABCG5, ABCGS8]. Three of these genes, lipo-
protein lipase, ABCG5, and ABCGS8, were not induced
in the triple-knockout mice. One target gene, SREBP-1c,
responded partially to cholesterol feeding in the triple-
knockout mice, and another, Cyp7Al, responded normally.

It was concluded that three of the LXR-target genes are
likely to be activated by an oxysterol that is a product of
Cyp27, cholesterol 25-hydroxylase, or Cyp46. The other LXR
target genes may be activated by an oxysterol that is not a
product of the depleted enzymes (e.g., 24,25-epoxycholesterol).

There are, however, some problems with the compli-
cated triple-knockout model. The loss of the sterol 27-
hydroxylase leads to a marked deficiency of bile acids with
reduced absorption of cholesterol. These mice have there-
fore an upregulation of Cyp7Al, the rate-limiting enzyme
in bile acids synthesis, and an upregulation of hydroxy-
methylglutaryl-coenzyme A (HMG-CoA) reductase, the
rate-limiting enzyme in cholesterol syntheis. This was com-
pensated for in the experiment by supplementation with
0.025% cholic acid in diet given to all the animals, in-
cluding the nontransgenic controls. The added cholic acid
would be expected to suppress Cyp7A1 and normalize cho-
lesterol absorption. In theory, differences in degree of
absorption of cholesterol due to different exposure to bile
acids in the intestine may have affected the results.

In view of the fact that the loss of the sterol 27-hydroxylase
activity would be expected to give the most important effects,
it would have been of interest to know if the results of the
above experiments had been the same if it had been re-
peated in Cyp27 single knockout mice.

In spite of the above criticism, the above experiments are
at present the best evidence available for the contention that
side-chain oxidized steroids are important for at least some
of the cholesterol-induced effects mediated by LXR in vivo.
It should however be emphasized that feeding of 1% cho-
lesterol to mice is a highly unphysiological challenge.

More indirect evidence for a role of an endogenous oxy-
sterol in the activation of LXR was provided by the demon-
stration that silencing of an endogenous oxysterol-binding
protein (ORP8) in a macrophage cell line induces tran-
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scription of LXR target genes, presumably because of a
replacement of an oxysterol to LXR (18).

It may be mentioned that it has been reported that
endogenously formed 27-hydroxycholesterol in fibroblasts
is able to activate LXR in cholesterol-loaded skin fibro-
blasts resulting in increased activation of ABCA1 and
ABCGI (19). A difference was thus found between fibro-
blasts from control patients and a patient with a genetic
deficiency of the sterol 27-hydroxylase (cerebrotendinous
xanthomatosis, CTX). Evidence has also been presented
that cholesterol overload in Niemann-Pick type C mutant
cells at least in part is due to failure to activate the LXR-
mechanism by formation of 25- and 27-hydroxycholesterol
(20). In view of the apparent normal cholesterol homeo-
stasis in mice with a disruption of the sterol 27-hydroxylase
gene and treated with cholic acid and in CTX-patients
treated with chenodeoxycholic acid, it is difficult to evaluate
the importance of such a mechanism under in vivo conditions.

IS 24S-HYDROXYCHOLESTEROL A REGULATOR OF
CHOLESTEROL HOMEOSTASIS IN THE BRAIN BY
AN LXR-MEDIATED MECHANISM?

Because the ratio between the oxysterol 24S-hydroxy-
cholesterol and cholesterol is high in the brain (cf. above),
and that the level of LXRB nuclear receptor also is high,
there is a clear potential for LXR-mediated regulation by
24S-hydroxycholesterol in this organ. Normally the CYP46 en-
zyme responsible for generation of 24S-hydroxycholesterol
from cholesterol is located exclusively in neurons. Neurons
have a low rate of synthesis of cholesterol, and appear to
be dependent upon a flux of cholesterol from astrocytes.
Pfrieger (21) suggested the mechanism shown in Fig. 2.
24S-Hydroxycholesterol fluxes from the neurons to the as-
trocytes, resulting in activation of LXRB with subsequent
secretion of cholesterol from the astrocytes. The latter cho-
lesterol may be taken up by the neuronal cells. Experimen-
tal evidence for a shuttle of cholesterol from astrocytes to
neurons in an in vitro system has been presented, but there
is yet no direct experimental evidence for a flux of 24S-
hydroxycholesterol from the neurons to the astrocytes. ApoE

Fig. 2. Crosstalk between neuronal cells and astro-
cytes [modification of the mechanism suggested by
Pfrieger (21)]. Neuronal cells produce 24S-hydroxy-

Acetate cholesterol by CYP46A1, which fluxes from these

cells to astrocytes where the oxysterol activates LXR
and the LXR target genes ABCAl and ABCGI. This
causes a flux of cholesterol from the astrocytes with
subsequent uptake by the neuronal cells. The choles-
terol is secreted from the cells bound to apoE. ApoE
is synthesized and excreted from the astrocytes by
mechanisms stimulated by 24S-hydroxycholesterol
(22). Neuronal cells have little capacity for choles-
terol synthesis and seem to be dependent upon astro-
cytes for delivery of this steroid (21).

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

appears to be required for the flux of cholesterol, and it was
recently reported that 24S-hydroxycholesterol stimulates
synthesis and excretion of apoE from cultured astrocytes (22).

The above mechanism is attractive and consistent with
in vitro results but needs to be confirmed in vivo.

If the mechanism shown in Fig. 2 is important in vivo,
a correlation is likely to exist between flux of 24S-hydroxy-
cholesterol and apoE secretion. Consistent with this, we
recently reported a correlation between levels of apoE and
24S-hydroxycholesterol in spinal fluid from patients with
Alzheimer’s disease (23).

EFFECTS OF OXYSTEROLS ON PROTEOLYTIC
DEGRADATION OF HMG-COA REDUCTASE

27-Hydroxycholesterol has been shown to be an efficient
activator of hydroxymethylglutaryl-coenzyme A reductase
(HMGR) ubiquitination and proteolytic inactivation under
in vitro conditions. Formation of an HMG-Insig complex
may proceed this inactivation, and the possibility has been
discussed that an oxysterol-bound form of Insig can form a
comlex with HMGR just as it can with Scap (13). If this is
the case, the binding of the oxysterol to Insig is able to pre-
vent cholesterol accumulation by two different mechanisms.

Experimental data were recently presented supporting
the contention that 27-hydroxycholesterol may mediate
rapid effects of excess cholesterol on HMGR degradation
in cultured fibroblasts (4). In accordance with previous
work, fibroblasts from patients with CTX who lack the sterol
27-hydroxylase were roughly normal in their total cellular
sterol content, cholesterol esterification rate, and HMGR ac-
tivity. The cells responded normally to a load of cholesterol.
Cholesterol depletion resulted in a similar marked increase
of HMG-CoA reductase activity in CTX and control fibro-
blasts. Surprisingly, however, the HMGR activity in the
CTX cells was not suppressed by cholesterol enrichment.
Addition of 27-hydroxycholesterol normalized the inacti-
vating effect on HMGR activity in these cells. The authors
concluded that the failure to inactivate HMGR upon choles-
terol loading in the CTX cells is due to the absence of a
production of 27-hydroxycholesterol.

It should be mentioned that one previous study failed
to demonstrate a role of an oxysterol for the acute down-
regulation of HMGR in CHO-215 cells (24).

While the results of the above study give experimental
support for the contention that 27-hydroxycholesterol is
able to mediate rapid downregulation of HMGR in cul-
tured fibroblasts under some specific conditions, the rele-
vance of this mechanism for the in vivo situation is difficult
to evaluate. Under physiological conditions the situation
may be more similar to that in the previous study (24) in
which no role of an oxysterol could be demonstrated.

ROLE OF 24,25-EPOXYCHOLESTEROL

24(S),25-epoxycholesterol is formed as a side product in
the mevalonate pathway (Fig. 1). After administration of

mevalonate to rats, the level of 24(S),25-epoxycholesterol
was reported to increase with a factor of 2, whereas the
levels of the other side-chain oxidized oxysterols were
unchanged (25). It was suggested that the epoxide, in
contrast to the other oxysterols, could be a potential me-
diator of the suppressive effects of mevalonate on HMGR,
possibly by increasing the degradation.

It should be mentioned that quantitation of endoge-
nous levels of 24(S),25-epoxycholesterol is difficult and it
has been reported that this compound may not survive
the temperature required for GC-MS analysis. The varying
levels of the epoxide reported in different studies may be
related to methodological problems.

Increased cholesterol synthesis would be expected to in-
crease the levels of the epoxide, at least under conditions in
which there is a partial inhibition of the 2,3-oxidosqualene-
lanosterol cyclase. This would be expected to lead to acti-
vation of target genes of LXR (ABCA1, ABCG1, ABCGbH,
ABCGS, Cyp7A1). Such a response would tend to counter-
act the accumulation of newly synthesized cholesterol.

Studies by Rowe et al. (26), and Wong, Quinn, and Brown
(27) have given strong support for the contention that
24(S),25-epoxycholesterol is important as a modulator of
cholesterol homeostasis under some specific conditions.
Thus it was reported that treatment with a statin reduced
cholesterol efflux from human macrophages as a con-
sequence of reduced expression of ABCAl, ABCGI1, and
LXRa. The beneficial effects of statins thus appear to be
counteracted by a proatherogenic mechanism that is ob-
viously weaker than the sum of all the antiatherogenic effects
of the drug. Evidence was given that the statin effect on cho-
lesterol efflux was mediated by 24(S),25-epoxycholesterol
and the levels of this oxysterol changed in parallel with the
changes observed in the activation of the LXR target genes.
In the studies by Rowe et al. (26), and Wong, Quinn, and
Brown (27), formation of the epoxide increased when the
cells were treated with an inhibitor of 2,3-oxidosqualene-
lanosterol cyclase. In accordance with this, it was shown that
a cyclase inhibitor within a certain concentration range had
a clear effect on foam cell formation, and the possibility was
discussed that partial inhibition of this enzyme could repre-
sent a new strategy for prevention of atherosclerosis.

Increased cholesterol synthesis would be expected to
increase formation of 24(S),25-epoxycholesterol, a mech-
anism that would tend to counteract the accumulation of
newly formed cholesterol in the cell. The importance of
this mechanism under conditions in vivo remains to be
established, however.

GENERAL CONCLUSIONS

Side-chain oxysterols have a unique capacity to limit
cholesterol levels in cultured cells by all the three major
mechanisms known for regulation of cholesterol homeo-
stasis. Evidence has now been presented that interaction
between LXR and side-chain oxidized steroids is of impor-
tance also in vivo, at least in connection with treatment of
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mice with very high doses of cholesterol. The relevance of
this mechanism in humans is however still uncertain. i
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