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Abstract The two oxysterols, 27-hydroxycholesterol (27O0H)
and 24S-hydroxycholesterol (24OH), are both inhibitors of
cholesterol synthesis and activators of the liver X receptor
(LXR) in vitro. Their role as physiological regulators under
in vivo conditions is controversial, however. In the present
work, we utilized a previously described mouse model with
overexpressed human sterol 27-hydroxylase (CYP27Al).
The levels of 270H were increased about 12-fold in the
brain. The brain levels of HMG-CoA reductase mRNA and
HMG-CoA synthase mRNA levels were increased. In accor-
dance with increased cholesterol synthesis, most of the cho-
lesterol precursors were also increased. The level of 240H,
the dominating oxysterol in the brain, was decreased by
about 25%, most probably due to increased metabolism by
CYP27A1. The LXR target genes were unaffected or slightly
changed in a direction opposite to that expected for LXR
activation. In the brain of Cyp27_ mice, cholesterol syn-
thesis was slightly increased, with increased levels of choles-
terol precursors but normal mRNA levels of HMG-CoA
reductase and HMG-CoA synthase. The mRNA levels cor-
responding to LXR target genes were not affected.fll The
results are consistent with the possibility that both 240H
and 270H are physiological suppressors of cholesterol syn-
thesis in the brain. The results do not support the conten-
tion that 270H is a general activator of LXR target genes in
this organ.—Ali, Z., M. Heverin, M. Olin, J. Acimovic, A.
Lovgren-Sandblom, M. Shafaati, A. Bavner, V. Meiner, E.
Leitersdorf, and I. Bjéorkhem. On the regulatory role of
side-chain hydroxylated oxysterols 1n the brain. Lessons
from CYP27A1 transgenic and Cyp27 '~ mice. J. Lipid Res.
2013. 54: 1033-1043.
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Cholesterol has a remarkable capacity to regulate its own
synthesis and metabolism (1). Treatment with cholesterol
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causes a suppressed synthesis, reduced absorption from the
intestine, and increased rate of degradation into bile ac-
ids. The latter two effects are mediated by the nuclear liver
X receptor (LXR) (2). Under in vitro conditions, side-
chain oxidized oxysterols have a much higher capacity to
downregulate cholesterol synthesis and to activate the
LXR target genes than does cholesterol itself (as reviewed
in 3). Because of this, oxysterols have been suggested to
mediate, at least in part, the above effects of cholesterol.
There are three different mechanisms by which the oxys-
terols may affect cholesterol-sensitive genes: I) interaction
with the sterol-regulatory element binding proteins (SREBP
mechanism); 2) activation of the LXR mechanisms; and 3)
effects on the degradation of specific enzymes, in particu-
lar HMG-CoA reductase (HMGCR).

The major oxysterols in the circulation of man and mouse
are 24S-hydroxycholesterol (24OH) and 27-hydroxycho-
lesterol (270H) (3). 240H is formed by the enzyme cho-
lesterol 24S-hydroxylase (CYP46A1). This enzyme is located
almost exclusively in the brain. There is a constant flux of
240H from the brain across the blood-brain barrier into
the circulation. This oxysterol is then taken up by the
liver and converted into bile acids and conjugates of un-
metabolized or partially metabolized 24OH (4). 270H is
formed by the enzyme sterol 27-hydroxylase (CYP27A1).
This enzyme is present in almost all cells in the body.
There is a constant flux of 270H and metabolites of this

Abbreviations: CYP46A1, cholesterol 24S-hydroxylase; CYP27A1,
sterol 27-hydroxylase; FF-MAS, follicular fluid meiosis-activating sterol;
HMGCR, HMG CoA reductase; LXR, liver X receptor; 240H, 24S-hy-
droxycholesterol; 270H, 27-hydroxycholesterol; 250H, 25-hydroxyc-
holesterol; SREBP, sterol-regulatory element binding protein; T-MAS,
testls meiosis-activating sterol.

Accordmg to a recent paper, the preferred nomenclature for 27-
hydroxylation and 27-hydroxycholesterol should be (25R)26-hydroxy-
lation and (25R)26-hydroxycholesterol, respectively. (Fakheri, R. J.,
andN B. Javitt. 2012. Steroids. 77: 575-577).
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oxysterol from extra-hepatic sources to the liver. In the liver,
the 27-oxygenated steroids are converted into bile acids.
There is a significant uptake of 270H in the brain, where it
is rapidly metabolized into a steroid acid, 7a-hydroxy-3-
oxo-4-cholestenoic acid (5). This acid is also able to cross
the blood-brain barrier and is rapidly eliminated from
the brain and metabolized in the liver. There is a marked
difference between the strong effects of the above side-chain
oxidized oxysterols under in vitro conditions and the mod-
est effects on cholesterol homeostasis observed in trans-
genic mouse models with increased or reduced levels of
the above oxysterols (3, 6, 7). There are very few studies in
which the in vivo effects of increased or decreased levels of
oxysterols have been studied in detail.

Of the two oxysterols, 24OH is the most-efficient activa-
tor of LXR in vitro (8). In a recent study, we developed
mice with an overexpression of human CYP46A1 having a
production of 24OH four to seven times higher than wild-
type mice (9). In contrast to the expectations, the overex-
pression had little or no effect on the LXR target genes.
There was a significant upregulation of cholesterol synthe-
sis in the brain, most probably a compensation for the con-
sumption of cholesterol by the CYP46A1 enzyme. Similar
findings were reported with a mouse model with a transient
transfection of CYP46A1 in hippocampus and cortex (10).

270H is a weaker activator of LXR than 240H. On the
other hand, it is present at higher levels than 24OH in
plasma and almost all extra-cerebral tissues. It appears likely
that the capacity of an oxysterol to inhibit cholesterol syn-
thesis or function as activator of LXR is dependent upon
the ratio between the oxysterol and cholesterol (7). 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. The ratio between a side-chain oxidized oxys-
terol and cholesterol is higher than 1 per 1,000 in the brain,
in cholesterol-loaded macrophages and possibly also in the
lung (7). In these specific biological systems, variations in
the oxysterol levels would be expected to lead to changes in
the activation of the LXR systems and possibly also varia-
tions in the degree of suppression of cholesterol synthesis.

In the present work, we have studied the effect of an
overexpression of the CYP27A1 enzyme on cholesterol
synthesis and LXR-targeted genes in the brain of mice.
These mice are known to have markedly increased levels
of 270H in plasma, liver, and lung but normal levels of
cholesterol (11). A possible effect of the overexpression on
LXR-targeted genes in these mice has not been studied
previously. It is shown here that in similarity to the situa-
tion with overexpression of CYP46Al, there was no gen-
eral stimulation of LXR-targeted genes in the brain of the
CYP27A1 transgenic mice. Surprisingly, the overexpression
led, however, to increased cholesterol synthesis in the brain.
This increased synthesis was associated with markedly re-
duced levels of 240OH. In a previous work, we showed that
aknockout of the Cyp27al gene causes a slight upregulation
of cholesterol synthesis in mouse brain (12). This is confirmed
here, and we also show that the knockout has little or no
effect on the expression of a number of LXR target genes.
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MATERIALS AND METHODS

Animals

CYP27Al-overexpressed mice generated using the B-actin
promoter (11) were from our ongoing breeding colony in Hud-
dinge University Hospital Animal Facility [founders were pro-
vided by Eran Leitersdorf (11)]. The mice were on a C57Bl1/6
background. The colony was maintained by breeding heterozy-
gous pairs. This breeding is supposed to generate both homozy-
gotes and heterozygotes in addition to wild types. It was not
possible to discriminate between homozygotes and heterozy-
gotes with the use of copy number or levels of 270H in serum
or feces. The situation is the same as that in mice with an over-
expression of CYP46 using a 3-actin promoter (4). In such mice,
it is also not possible to discriminate between homozygotes and
heterozygotes with the use of copy numbers or levels of 240H
in circulation or feces. C57BL/6 mice were purchased from
Charles River Laboratories, Germany, and used as a control
group. Animals were housed under standard environmental
conditions, with free access to food and water. Animals were
genotyped by PCR with DNA extracted from ear pieces by a re-
agent from Viagen. Transgenes were detected by using primers
specific to human CYP27A1.

Cyp27al”’~ mice on a C57BL/6 background were also used in
the study (12). The knock-out and wild-type controls were gener-
ated from heterozygotes as described previously (12). Mice were
housed under standard environmental conditions with free ac-
cess to food and water. At the age of 6 weeks, the knock-out mice
were fed a diet containing 0.05% cholic acid for 4 months before
euthanasia. This substitution compensates for the reduced bile
acid synthesis in these mice (13).

The mice were euthanized by cervical dislocation, and trunk
blood was collected. All the mice were euthanized at the same
time in the morning. The brain was dissected out. In the study
with the overexpressed mice, the whole brain was used. In the
study with the Cyp27al”’~ mice, cortex as well as hippocampus

TABLE 1. Sequence of forward and reverse primers used for real-
time PCR

Gene Sequence (5™-3)
Hprt Fwd GGT GAA AAG GAC CTC TCG AAG TG
Hprt Rev ATA GTC AAG GGC ATA TCC AACAACA
Hmger Fwd CCG GCA ACAACAAGATCT GTG
Hmgcr Rev ATG TAC AGG ATG GCG ATG CA
Hmgcs Fwd CTC TGT CTATGG TTC CCT GGC T
Hmgcs Rev TCC AAT CCT CTT CCC TGC C
Abcal Fwd CCC AGA GCA AAAAGC GACTC
Abcal Rev GGT CAT CAT CACTTT GGT CCT TG
Abcgl Fwd GCTGAAGAGGACTCCGCCT
Abcgl Rev GAGGATGCAGAACTGGGTGAG
Srebplc Fwd GGAGCCATGGATTGCACATT
Srebplc Rev GGCCCGGGAAGTCACTGT
Srebp2 Fwd GCG TTC TGG AGA CCA TGG A
Srebp2 Rev ACA AAG TTG CTC TGA AAA CAA ATC
Apo E Fwd GCA GGC GGA GAT CTT CCA
Apo E Rev CCA CTG GCG ATG CAT GTC
Cyp7b1 Fwd CCT CTT TCC TCC ACT CAT ACA CAA
Cyp7b1 Rev GAA CCG ATC GAA CCT AAATTC CTT
Cyp27alFwd GCC TTG CAC AAG GAA GTG ACT
Cyp27al Rev CGCAGG GTCTCC TTAATC ACA
Lxra Fw GCTCTGCCTACATCGTGGTCA
Lxra Rev TGCGCTCAGGCTCATCCT
Fas Fwd GGCATCATTGGGCACTCCTT
Fas Rev GCTGCAAGCACAGCCTCTCT
Cyp46al Fwd AACCATCTGGCATTCACAGTGA
Cyp46al Rev GGAACCGACAACCTCATCCA




were collected. The brain pieces were put in liquid nitrogen and
stored at —70°C until analyzed.

Ethical considerations

All experimental procedures in this study were in compliance
with National Institutes of Health Guide for Care and Use of
Laboratory Animals, the European Communities Council Direc-
tive of 24 November 1986 (86/609/EEC), and approved by the
Southern Stockholm Research Animal Ethics Committee. The ex-
periments were performed, when possible, by examiners blinded
to the genotypes or treatments of the mice.

Lipid extraction and analysis

Livers and brains were extracted according to the Folch
method. Folch solution (chloroform-methanol 2:1,v/v), 3 and 10
ml, was added to about 100 mg liver tissue and half of a brain, or
a hippocampus or a cortex from half of a brain, respectively. Af-
ter 24 h at room temperature, extracts were transferred to new
vials and evaporated under argon. After evaporation, the extracts
were redissolved in 1 ml Folch solution and stored at —20°C until
required.
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Sterols and oxysterols were measured in the Folch extract by
GC-MS after alkaline hydrolysis using deuterium-labeled internal
standards as previously described (14, 15).

RNA preparation and real-time PCR

Total RNA was prepared using TRIzol reagent (Invitrogen;
Carlsbad, CA) according to the manufacturer’s protocol. RNA
(1 pg) was transcribed into ¢cDNA using a high-capacity cDNA
reverse transcription kit (Applied Biosystems; Carlsbad, CA). The
cDNA obtained was diluted 1:10 in RNase-free HyO. Real-time
PCR was performed with 5 pl cDNA and 12.5 pl SYBRGreen Mas-
termix (Applied Biosystems). The forward and reverse primers
are shown in Table 1. All values were normalized to hypoxan-
thine phosphoribosyltransferase mRNA concentrations for he-
patic analyses.

Statistics

Gene expression data are expressed as mean + range as de-
scribed by Livak and Schmittgen (16). Sterol determinations are
expressed as mean + SEM. Statistical comparisons were per-
formed using the unpaired Students ttest.
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Fig. 1.
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The effect of overexpression of human CYP27A1 on the serum levels of oxysterols in adult male (a)

and female (b) mice. n = 7-8 in each experiment with each gender. Data are presented as mean + SEM.*

P<0.05.
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RESULTS

Plasma, brain, and liver levels of oxysterols and
cholesterol in CYP27A1 transgenic mice and controls

In accordance with the previous publication (11), the
plasma levels of 270H were 5- to 6-fold higher in the trans-
genic mice than in the controls (P< 0.001, Fig. 1). There
was no significant difference between male and female
mice. In accordance with the previous findings, the levels
of 240H were about 30% lower in the transgenic mice
(P < 0.001 in both genders), possibly due to increased
metabolism. The levels of 25-hydroxycholesterol (250H)
were significantly higher in the female transgenic mice
than in the controls (P< 0.05). This may be due to the fact
that CYP27A1 has some 25-hydroxylase activity (17). There
were no significant differences in levels of the other oxys-
terols measured (7 a-, 7B-, and 7-oxo cholesterol) between
the two groups of mice (P> 0.05).
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As reported previously (11) the levels of 270H in the
liver were increased by about 4-fold in both the male and
female mice with overexpressed CYP27A1 (results not
shown).

As shown in Fig. 2, the levels of 270H were about 11-fold
higher in the brain of the transgenic mice than in the con-
trols. The levels of 250H were 5- to 10-fold higher in the
brain of the transgenic mice, reflecting the fact that human
CYP27A1 has some 25-hydroxylase activity (17). The levels
of the dominating oxysterol in the brain, 24OH, were sig-
nificantly reduced, by about 25%, in the brain of the trans-
genic mice (P<0.001 in both males and females).

Effects of the overexpression of CYP27A1 on oxysterols,
cholesterol, and cholesterol precursors in the brain

The overexpression had no significant effect on the lev-
els of cholesterol in the brain of the male or female
mice (P> 0.05, Fig. 3). Most of the cholesterol precursors
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Fig. 2. The effect of overexpression of human CYP27A1 on the levels of oxysterols in the adult brain of
male (a) and female (b) mice. n = 7-8 in each experiment with each gender. Data are presented as mean +

SEM.* P< 0.05.
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measured [lathosterol, lanosterol, follicular fluid meiosis-
activating sterol (FF-MAS), testis meiosis-activating sterol
(T-MAS) ] were increased, suggesting an increased synthe-
sis. In the case of lathosterol, FF-MAS, and T-MAS, the in-
crease was highly significant in both males and females (P<
0.001). It is noteworthy that the levels of desmosterol were
decreased rather than increased (P < 0.01 in both males
and females).

Effects of the overexpression of CYP27A1 on mRNA
levels in the brain

The mRNA levels of Hmger were increased in the brain
of the male CYP27A1 transgenic mice, suggesting increased
synthesis (P = 0.001, Fig. 4a). The mRNA levels of Hmgcs
were increased in the brain of both male and female
CYP27A1 transgenic mice (P < 0.001 and <0.01, respec-
tively). In the brain of the male CYP27A1 transgenic mice,
Srebp2 mRNA was significantly increased (P<0.01, Fig. 4a).
If 270H is of importance as an activator of LXR target
genes, the expression of these genes would be expected
to increase. This was not observed, and, in contrast, expres-
sion of some of the LXR target genes was slightly decreased;

for example Abcgl and Abcal expression levels were de-
creased in both male and female transgenic mice. Cyp46al
mRNA levels were slightly decreased in the brain of female
mice.

Effects of a knockout of Cyp27al

In a previous work, we showed that a knockout of
cyp27al causes a slight increase of cholesterol synthesis in
the brain as judged by increased levels of lathosterol,
lanosterol, 24,25-dihydrocholesterol, and 7-dehydrocho-
lesterol (12). Essentially the same results were obtained
here in cortex from Cyp27al”’ “mice treated with cholic
acid (Fig. 5). The increase in the levels of lathosterol was
highly significant (P = 0.001 and P < 0.001 for males and
females, respectively). In contrast to the other cholesterol
precursors, the levels of desmosterol were decreased rather
than increased. In accordance with the previous work
(12), the mRNA levels of Hmger and Hmgcs were not in-
creased in the cortex of the Cyp27_/_ mice (P> 0.05). As
shown in Fig. 6, the effect of the knockout had no signifi-
cant effect on the LXR target genes. The situation was the
same in the hippocampus as in the cortex (results not
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Fig. 4. The effect of overexpression of human CYP27A1 on mRNA levels in the adult brain of male (a) and
female (b) mice. n = 7-8 in each experiment with each gender. Data are presented as mean + SEM.* P< 0.05.

shown). To study the possibility that the knockout of
Cyp27al may affect the levels of 24OH in the brain, we
measured these levels in the cortex of male and female
controls and Cyp27a17/7 mice. The male controls had
brain levels of 24OH of 51 + 1 ng/mg and the male Cyp2 7/
mice 51 + 2 ng/mg (mean + SEM, n = 6 and 5, respectively).
The corresponding figures for the brain levels of 24OH in
the female mice were 47 + 2 ng/mg and 47 + 1 ng/mg,
respectively (n = 6 and 6, respectively).

DISCUSSION

Effects of the overexpression on cholesterol synthesis

The increased mRNA levels of Hmgcer and Hmgcs in the
brain of the CYP27A1 transgenic mice suggest increased
synthesis of cholesterol. In accordance with this, most of
the cholesterol precursors in the brain were also increased.
The increased cholesterol synthesis was associated with a
marked reduction in the content of 24OH, by about 25%.

1038 Journal of Lipid Research Volume 54, 2013

It seems likely that the reduction in the level of this oxys-
terol, known to be an efficient suppressor of cholesterol
synthesis in vitro (18, 19), is the explanation for the in-
creased cholesterol synthesis. The increase in the level of
the inhibiting oxysterol, 270H, cannot compensate for
this. It should be pointed out that even in the brain of the
CYP27A1 transgenic mice, the level of 270H is less than
10% of the level of 24OH. In wild-type mice, the level of
270H is less than 1% of the level of 240H (Fig. 2).

The reason for the decreased levels of 24OH is likely to
be increased metabolism by the overexpressed CYP27A1
enzyme, and this enzyme is required for the metabolism of
240H (4). Decreased levels of 240H were observed not
only in the brain but also in the circulation. It should be
emphasized that in spite of the decreased levels of 240H,
there must be an increased metabolism of cholesterol to
240H to explain the fact that the cholesterol levels were
not changed in spite of the increased rate of synthesis.

Cholesterol is a substrate for CYP27A1. A minor fraction
of cholesterol in the brain of the CYP27A1 transgenic mice
may therefore be metabolized into 270H that can cross the
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blood-brain barrier and be eliminated from the brain. If
such a mechanism is active, the increased consumption of
cholesterol could be expected to result in a compensatory
increase in the synthesis. The normal expression of Cyp27al
in the brain is very low, however, and even after an overex-
pression, it seems less likely that such a metabolic pathway
could be of major importance. In man, almost all 270H in
cerebrospinal fluid originates from the circulation and not
from the brain (20). Under normal conditions, very little
270H is thus formed from brain cholesterol.

There was a clear gender difference in the response to
the overexpression of CYP27A1.Thus, the degree of stimu-
lation of cholesterol synthesis was higher in the brain of the
male than in the brain of the female CYP27A1 transgenic
mice. The mechanism behind this difference is unknown
at the present state of knowledge.

In a previous work, we showed that a knockout of the
Cyp27al gene causes a slight but significant upregula-
tion of cholesterol synthesis, as judged by increased lev-
els of cholesterol precursors (12). These findings were

Regulatory role of oxysterols in the brain 1039
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confirmed in the present work, using cortex and hip-
pocampus instead of whole brain. The most likely expla-
nation for the increased cholesterol synthesis is that the
normal flux of 270H through the brain has a slight in-
hibitory effect on cholesterol synthesis. This slight inhi-
bition is not reflected in the mRNA levels of Hmgcr and
Hmgcs.

The Cyp27al”’~ mice investigated here were treated
with cholic acid to compensate for the deficient bile acid
synthesis (13). The deficiency may lead to reduced ab-
sorption of fat and fat-soluble vitamins. Although less
likely, the possibility must be considered that cholic acid
in itself may have some effect on cholesterol synthesis in
the brain. This possibility was, however, excluded in our
previous investigation, demonstrating that Cyp27al /'~
mice on a normal chow diet without cholic acid supple-
mentation also had increased synthesis of cholesterol in
the brain (12).

There are two pathways for synthesis of cholesterol from
lanosterol, one involving lathosterol and 7-dehydrocholes-

1040 Journal of Lipid Research Volume 54, 2013

terol as intermediates (the Kandutsch-Russel pathway)
and one involving 5,7,24-cholestatrien-33-ol and desmos-
terol as intermediates (the Bloch pathway). It is notewor-
thy that in both mouse models studied here, the level of
lathosterol was increased, whereas the level of desmosterol
was decreased. Thus, there seems to be a channelling from
the Bloch pathway to the Kandutsch-Russel pathway under
the conditions employed. Evidence has been presented
that neurons and astrocytes preferentially utilize the Kan-
dutsch-Russel and the Block pathway, respectively (21).
Our data do not, however, allow firm conclusions about
the cellular origin of the increased cholesterol synthesis.

Theoretical model for regulation of cholesterol
homeostasis in the brain

The most important players in the regulation of choles-
terol homeostasis in the brain appear to be HMGCR, cata-
lyzing the rate-limiting step in cholesterol synthesis, and
CYP46Al, catalyzing cholesterol metabolism into 24OH.
Similar to the situation in the liver, HMGCR in the brain is



Model for regulation of cholesterol synthesis in the brain
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Fig. 7. Theoretical model for the regulation of cholesterol homeostasis in the brain.

subject to a sophisticated regulation at both the transcrip-
tional and the posttranscriptional levels. A tendency to an
increase of the cholesterol pool will result in a decreased
rate of synthesis of cholesterol by the SREBP mechanism. A
tendency to a decrease of the cholesterol pool will have the
opposite effect. Due to this, the size of the cholesterol pool
will not change. In contrast to HMGCR, CYP46A1 is subject
to very little regulation at the transcriptional level (22).
Neither cholesterol nor side-chain oxidized oxysterols have
a significant effect on transcription (22). Availability of sub-
strate cholesterol seems to be the mostimportant regula-
tory factor under normal conditions.

Knocking out the cyp46 mechanism for elimination of
cholesterol results in a reduction of cholesterol synthesis
in the brain by about 40% without affecting cholesterol
levels (23). Inhibition of this mechanism by the drug vori-
conazole also causes decreased cholesterol synthesis with
unchanged levels of cholesterol (24). Overexpression of
CYP46A1 in mice results in increased consumption of
brain cholesterol with a compensatory increase in the syn-
thesis (9, 10). This compensation leads to unchanged lev-
els of cholesterol in the brain.

The markedly reduced levels of 240OH in the brain of
mice with overexpressed CYP27A1 may explain the in-
creased synthesis of cholesterol. 24OH is known to be an
efficient inhibitor of cholesterol synthesis in vitro (18, 19),
and given the present results and the relatively high levels
of 240H in relation to cholesterol in the brain, it seems
likely that 24OH is a physiological suppressor of choles-
terol synthesis.

The finding of increased cholesterol synthesis in the
brain of the Cyp27al /" mice suggests that 270H may also
be a physiological suppressor of cholesterol synthesis. In
view of the very low levels of 270H in the brain in relation
to 240H, it seems likely that it is the flux of 270H into the
brain that is the regulator, rather than the concentrations.
It should be emphasized that in humans, the flux of 270H
into the brain, about 5 mg/24 h (24), is similar to the flux of
240H out of the brain, which is about 6 mg/24 h (25, 26).
In spite of this high flux, the levels of 270H in the brain
measured post mortem are markedly lower than the levels
of 240H (25).

The rate of flux of 270H into the brain is dependent
upon the integrity of the blood-brain barrier (20), and a
defective barrier can thus be expected to lead to a higher
flux into the brain. It is known that apoE deficiency, as
well as apoE deficiency, together with expression of the
human apoFE4 isoform, leads to a compromised blood-
brain barrier (27). If 270H is a suppressor of cholesterol
synthesis in the brain, apoE deficiency would be expected
to lead to reduced synthesis. This has been reported to be
the case in one study (28), but not in another (29).

If the flux of 270H into the brain inhibits cholesterol
synthesis, it is evident that this inhibition cannot counter-
act the positive effect of the overexpression on cholesterol
synthesis in the present mouse model. The positive effect
is that the increased metabolism of 240H by CYP27Al
leads to reduced levels of 240OH, which is therefore less
potent to inhibit cholesterol synthesis. The situation is simi-
lar in our mouse model with increased CYP46A1 activity in
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the brain (9). The overexpression caused increased cho-
lesterol synthesis in spite of the increased brain levels of
240OH.

Figure 7 summarizes a model for regulation of choles-
terol synthesis in the brain that is consistent with all the
present data as well as data from previous in vivo and in
vitro studies (9, 10, 12, 18, 19, 22-24). Further studies are
needed, however, to confirm this model. It should be em-
phasized that the present results are based on stable animal
models under steady-state conditions. Thus, acute changes
in the production or concentration of the oxysterols may
give different results. It should also be emphasized that the
present results were obtained with whole brain, and we can-
not exclude the possibility that the situation may be some-
what different in some small compartments in the brain.

Effects on LXR-targeted genes

Similar to the situation in mice with an overexpression
of CYP46A1 (9), the overexpression of CYP27A1 led to
moderate changes only in the expression of LXR-targeted
genes. (cf. Fig. 4). Instead of an expected increase, some
of the LXR target genes were slightly decreased by the
overexpression. The biological significance of the small
decrease is difficult to evaluate, however.

We have considered the possibility that the effects on
the LXR-targeted genes that were opposite those ex-
pected (Abegl, Abcal, Srebpel, Apoe;, Fig. 4) could be due
to a sulfated form of 270H. Thus, it has been reported
that the sulfate of 250OH is an antagonist to a normal ox-
ysterol-dependent activation of the LXR (30). Ifincreased
levels of 270H in the circulation lead to increased levels
of the sulfate of 270H, this could explain that the expres-
sion of some of the LXR-targeted genes changed in a di-
rection opposite to that expected. In a separate study, an
assay of the sulfate of 270H was developed (A. Jure, un-
published observations). The fraction of the total level of
270H that was sulfated in the mice with an overexpres-
sion of CYP27A1 was, however, about the same as in the
wild-type (A. Jure, unpublished observations). Thus, it is
seems less likely that 270H sulfate is of importance for
the effects observed.

The possibility must also be considered that the slightly
decreased expression of some of the LXR target genes is a
consequence of a decreased expression of LXR itself.
LXRp is the dominating form of LXR present in the brain,
but the mRNA corresponding to this factor was not de-
creased as a consequence of the overexpression.

A third explanation for the small decrease in mRNA
level of some LXR target genes (Abcgl, Abcal, Srebplc, Apoe
Fig. 4) is the decrease in the pool of 240OH. 240OH is an
efficient activator of LXR, and a decreased pool of this ox-
ysterol would be expected to reduce the activation of LXR.
Such a reduction may compensate for a potential activa-
tion due to the increased levels of 270H in the brain of
our mouse model and result in unchanged or reduced ex-
pression of the LXR target genes. On the other hand, we
have shown that in our CYP46Al overexpressing mice
with brain levels of 24OH increased by a factor of about 2,
expression of the LXR target genes was not increased (9).
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If the levels of 24OH are of importance for expression of
the above LXR target genes in the brain, the levels are
important for the basal expression only.

To summarize, our results do not favor the hypothesis
that 270H is a general activator of LXR in the brain. The
levels of 24OH in the brain may be of some importance for
the expression of some of the LXR target genes under
basal conditions. The results are consistent with the possi-
bility that both 240H and 270H have a suppressive effect
on cholesterol synthesis in this organ. The effects are
moderate, however, and it is evident that the side-chain
oxidized oxysterols studied are not important master reg-
ulators of cholesterol homeostasis in the brain Al

The skillful technical assistance of Inger Moberg is gratefully
acknowledged.
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