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Abstract The CYP27 gene is expressed in arterial endothe-
lium, macrophages, and other tissues. The gene product
generates sterol intermediates that function as ligands for
nuclear receptors prior to their transport to the liver for
metabolism, mostly to bile acids. Most attention has been
given to 27-hydroxycholesterol as a ligand for LXR activated
receptors and to chenodeoxycholic acid as a ligand for far-
nesoid X activated receptors (FXRs). Expression of the
pathway in macrophages is essential for normal reverse cho-
lesterol transport. Thus, ABC transporter activity is upregu-
lated, which enhances cholesterol efflux. Absence of these
mechanisms probably accounts for the accelerated athero-
sclerosis that occurs in cerebrotendinous xanthomatosis.
Accumulation of 27-hydroxycholesterol in human atheroma
is puzzling and may reflect low levels of oxysterol 7a-
hydroxylase activity in human macrophages. The same
enzyme determines the proportion of mono-, di-, and tri-
hydroxy bile acids synthesized in the liver. Oxysterol 7o-
hydroxylase deficiency is a molecular basis for cholestatic
liver disease. Chenodeoxycholic acid, the major normal end
product, downregulates expression of cholesterol 7a-hydrox-
ylase via the FXR/short heterodimer protein nuclear re-
ceptor and thus limits total bile acid production.fii The
challenge is to quantify in a physiologic setting the magni-
tude of the pathway in different tissues and to further eval-
uate the biologic roles of all the intermediates that may
function as ligands for orphan nuclear receptors or via
other regulatory mechanisms.—]Javitt, N. B. 25R,26-Hydroxy-
cholesterol revisited: synthesis, metabolism, and biologic
roles. J. Lipid Res. 2002. 43: 665-670.
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When I last reviewed 27-hydroxycholesterol (known
then as 26-hydroxycholesterol) (1), that it would become
a “mainstream” player was not yet evident (2). Consider-
ing the complexity of the biological roles that 27-hydroxy-
cholesterol subserves, the challenge will be to design stud-
ies that permit a valid assessment of when the level of
expression of this metabolic pathway becomes critical to
individual well-being. The widely variable phenotypic ex-
pressions in people born with a mutant CYP27 gene (3)
emphasize the need to define the operative environmen-
tal conditions that lead to injury when the pathway is not
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expressed. Before tackling these issues, it is useful to re-
view the history of the discovery of the pathway and what
is known of the pathway as expressed in humans and
other species.

As far as I have been able to discover, 25R,26-hydroxy-
cholesterol was identified by Fredrickson (4) with the help
of Scheer, Thompson, and Mosettig (5) at the National In-
stitutes of Health. It represents a classic example of how
cooperation between the biological sciences and physical
sciences can bring to fruition observations that otherwise
would have remained ill-defined.

Fredrickson incubated radioactive cholesterol with mouse
liver mitochondria and obtained some products that were
difficult to characterize. He was quite certain based on
chromatographic criteria that one of the products was 25-
hydroxycholesterol but another had slightly different prop-
erties. He suspected that it might be 26-hydroxycholesterol
but obtaining complete characterization of the miniscule
amount of radioactive metabolite was not possible. Enlist-
ing the interest of a group of synthetic organic chemists led
to a chemical synthesis of 25R,26-hydroxycholesterol (5),
and thus to providing abundant crystalline material for de-
finitive identification of the radioactive metabolite by re-
verse isotope dilution and other parameters.

Although no one disputes the correctness of the desig-
nation of the compound derived from kryptogenin or di-
osgenin as 25R,26-hydroxycholesterol based on the rules
governing the priority of numbering carbon atoms at-
tached to the pro-chiral C25 carbon (6), some ambiguity
exists if the designation is shortened to either 26-hydroxy-
cholesterol or 27-hydroxycholesterol. In medical par-
lance, the designation 26-hydroxycholesterol was changed
to 27-hydroxycholesterol in 1991 (7, 8). With the designa-
tion of the gene as CYP27 it is sensible to refer to the
product as 27-hydroxycholesterol. However, Chemical
Abstracts continues to index the sterol as 26-hydroxycho-
lesterol when the stereospecificity is not known or as
25R,26- or 25S,26-hydroxycholesterol, respectively, when
the stereospecificities are known.

Abbreviations: StAR, steroid acute response.
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Actually, the compound derived from natural sources
contains both isomers after crystallization. The two enanti-
omorphs can be separated by chromatographic proce-
dures (9) into mostly 25R,26-hydroxycholesterol with a
small amount of 25S,26-hydroxycholesterol. Chemical syn-
thesis, which essentially consists of attaching a stereospe-
cific side chain to the steroid nucleus, can produce only
the naturally occurring 25R-isomer (10).

Fredrickson and Ono (11) went on to show that 25R,26-
hydroxycholesterol was metabolized to chenodeoxycholic
acid in the rat, an exception to the then current paradigm
(12). Danielsson (13) repeated these studies and confirmed
the correctness of the precursor/product relationship for
chenodeoxycholic acid but excluded 25-hydroxycholesterol
as an endogenous metabolite, since its occurrence could be
accounted for entirely by auto-oxidation.

Using the same approach to the synthesis of 25R,26-
hydroxycholesterol as Scheer, Thompson, and Mosettig,
Sidney Emerman, and I prepared a radioactive com-
pound of much higher specific activity (14) and found
that in the rat it was metabolized to both chenodeoxy-
cholic and cholic acid, although the latter was present in
much smaller amounts.

Thus, it was established in both rodents and humans
(15) that bile acids could be derived from cholesterol be-
ginning with the oxidation of the terminal carbon atom.
However, the existence in both rats and mice of an alter-
nate pathway of bile acid synthesis that yields muricholic
rather than cholic acid (16) skewed the precursor/prod-
uct relationships. These species differences in the genes
that govern bile acid production continue to limit the use-
fulness of knockout mouse models for relating to the
changes that occur to the phenotypic expressions as they
occur in humans.

OVERVIEW OF THE CHOLESTEROL
27-HYDROXYLASE METABOLIC PATHWAY

In hepatocytes, mitochondrial cholesterol 27-hydroxy-
lase initiates side-chain oxidation of the sterol intermedi-
ates generated initially by cholesterol 7a-hydroxylase ex-
pressed in the endoplasmic reticulum (Fig. 1). The
possibility of a reverse sequence, initial mitochondrial 27-
hydroxylation of cholesterol followed by 7a-hydroxylation
was excluded because cholic acid was not identified as a
metabolite of 33-hydroxy-5-cholenoic acid in the rat (12,
17). Also, the purified 27-hydroxylase enzyme oxidized
the 7a-hydroxylated sterol intermediates at rates more
than 100-fold greater than that of cholesterol, implying
that the latter was not a physiologic substrate (18).

We know now that cholesterol was always at a disadvan-
tage to other substrates because it is the least water solu-
ble. Therefore, it was never certain that cholesterol re-
mained at concentrations sufficient to saturate the
enzyme site, an essential requirement for zero order ki-
netics. With the advent of substituted B-cyclodextrins for
the solubilization of cholesterol (19), much higher rates
of turnover were obtained in assays of the activity of both
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Fig. 1. Cholesterol 27-hydroxylase metabolic pathway. Two subcel-
lular routes exist for the production of bile acids. 27-hydroxycholes-
terol, which is generated in mitochondria, is oxidized to the C27
acid and then transferred to peroxisomes for further side chain ox-
idation and shortening to the C24 acid (the acidic pathway) prior
to the initiation of sterol ring transformation. Alternatively, 27-
hydroxycholesterol is 7a-hydroxylated prior to further side chain
oxidation by subcellular routes that are not defined (see text). Es-
ters of 27-hydroxycholesterol circulating in plasma as part of LDL
and HDL presumably follow a route parallel to that of esters of cho-
lesterol. The free sterol is 7a-hydroxylated in the endoplasmic re-
ticulum by oxysterol 7a-hydroxylase and is further transformed to
5B-cholestane-3a, 70,2 7-triol and 3a,7a,,120,27-tetrol prior to com-
pletion of side chain oxidation in mitochondria and peroxisomes
to yield chenodeoxycholic and cholic acids.

alpha hydroxylases

endoplasmic reticulum

cholesterol 7a-hydroxylase (20-22) and cholesterol 27-
hydroxylase (23). Thus, the more recent data could sup-
port the view that both metabolic routes are normally ex-
pressed in hepatocytes.

However, in the last several years we have learned that
steroid acute response (StAR) protein normally expressed
in the adrenal gland but not the liver is essential for the
normal rate of delivery of cholesterol to the inner mito-
chondrial membrane for 24 S$hydroxylation (24). A similar
role for StAR protein can be demonstrated in cell culture
for 27-hydroxylation of cholesterol but not 7a-hydroxy-
lated intermediates in bile acid synthesis. (25). Thus, be-
cause the liver normally lacks StaR protein it is possible
that little if any 27-hydroxylation of cholesterol occurs in
hepatocytes in vivo.

The subcellular routing that occurs following the gen-
eration of mitochondrial 27-hydroxycholesterol is less
clear. Because the enzyme is multifunctional and also gen-
erates the C27 acid, 3B-hydroxy-5-cholestenoic acid (8), it
might be assumed that all the generated 27-hydroxycho-
lesterol undergoes successive oxidation to the C27 acid
before leaving the mitochondria, referred to as the
“acidic” pathway (26). The monohydroxy C27 bile acid is
then metabolized to 3B-hydroxy-5-cholenoic acid, a pre-
cursor for chenodeoxycholic acid in peroxisomes. How-
ever, when the C27 bile acid is administered to rabbits,
less than 5% is metabolized to cholic acid (27). By con-
trast, 27-hydroxycholesterol administered to rabbits (27)

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


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

and humans (15) yields approximately 90% and 40%
cholic acid, respectively. Thus it seems likely that not all
the 27-hydroxycholesterol that may occur in hepatic mito-
chondpria is further oxidized to the C27 acid but that some
undergoes 7a-hydroxylation prior to further side chain
oxidation. This view is consistent with cell culture studies
in which 27-hydroxycholesterol appears in the medium
before the C27 acid (28), indicating that it is released
from the enzyme site before complete oxidation.

Another subcellular route depicted in Fig. 1 derives
from the finding that the 27-hydroxylase is widely ex-
pressed in tissues (7), including vascular endothelium
(28) and macrophages (29). Most of the 27-hydroxycho-
lesterol that is generated is transported in plasma esteri-
fied with fatty acids and together with esterified choles-
terol is part of LDL and HDL (30). Following receptor
mediated uptake and the generation of the free sterols by
well-defined mechanisms, 7a-hydroxylation occurs in the
endoplasmic reticulum. Further transformation to 58-
cholestane-3a,7a,27-triol and 3a,7c,120-27-tetrol occurs
prior to side chain oxidation in the mitochondria to form
C27 bile acids. Further oxidation and shortening of the
side chain occurs in peroxisomes to form chenodeoxy-
cholic and cholic acids, respectively.

Recognition that a different 7a-hydroxylase (20) deter-
mines the production of mostly chenodeoxycholic acid
from 27-hydroxycholesterol established the existence of
two different but interdependent pathways (31). Thus,
chenodeoxycholic acid is a potent ligand for farnesoid X
activated receptors (FXRs), which modulates cholesterol
7a-hydroxylase activity (32), and therefore the amount of
bile acid generated from cholesterol in the liver.

Initial interest in the biological effect of 27-hydroxycho-
lesterol stemmed from the knowledge that it can down-
regulate cholesterol synthesis (33) at concentrations that
could occur intracellularly. Recent studies of the mecha-
nism for downregulation indicate that it is mediated by in-
terruption of the transport of sterol regulatory binding
protein by blocking sterol activating cleavage protein-
mediated transport (34). Because 27-hydroxycholesterol
is rapidly 7a-hydroxylated in the liver and the triol no
longer downregulates cholesterol synthesis (35), it is diffi-
cult to know if 27-hydroxycholesterol has a physiologic
role in regulating cholesterol synthesis in the liver. It is
known that the activities of both HMG-CoA reductase and
cholesterol 7a-hydroxylase are greater than normal in the
livers of patients who do not generate 27-hydroxycholes-
terol because of a mutant CYP27 gene. However, feeding
chenodeoxycholic acid to these patients returns the activi-
ties toward normal, an event that presumably is not medi-
ated by 27-hydroxycholesterol. The finding implies that
the higher rate of cholesterol synthesis in the liver than
that in most other tissues is related to bile acid production
and that this interrelationship is governed by determi-
nants that are independent of oxysterol regulation.

To fully evaluate the role of the cholesterol 27-hydroxy-
lase metabolic pathway, quantitative data are needed with
respect to total production of 27-hydroxycholesterol, the
tissues of origin, the biologic roles of the intermediates

Javitt

that are generated in these tissues, and the biologic effects
of the bile acid end products that are generated in the
liver. How to achieve these goals remains an unsolved
problem. Some in vivo kinetic data have been obtained
(36) using techniques initially developed for determining
steroid hormone production (37), but further validation
is needed. In these limited studies in older adults (36),
the cholesterol 27-hydroxylation pathway accounts for ap-
proximately 10% of the daily production of chenodeoxy-
cholic and cholic acids.

Monohydroxy bile acid synthesis

Synthesis of the C27 bile acid, 3B-hydroxy-5-choles-
tenoic acid is unique to the cholesterol 27-hydroxylase
metabolic pathway and it is probably the the sole source of
the C24 bile acid, 33-hydroxy-5-cholenoic acid, although
one cannot exclude a very minor contribution from 24S-
hydroxycholesterol (38). Both monohydroxy bile acids
normally circulate in plasma in nanomolar amounts, but
only the latter has been reported in amniotic fluid, meco-
nium, bile, and urine (39-42). Presumably the C27 acid
undergoes further oxidation to the C24 acid in peroxi-
somes, perhaps exclusively in the liver, since the C24 acid
was not identified as a metabolite when 27-hydroxycholes-
terol was incubated with nonhepatic tissues (28).

Other metabolic fates are 7a-hydroxylation to 3f,7a-
dihydroxy-5-cholenoic acid, which is further transformed
to chenodeoxycholic acid (43, 44), or direct ring transfor-
mation to the monohydroxy bile acid 3a-hydroxy-5B-chol-
anoic acid (lithocholic acid). The latter bile acid, which is
a primary bile acid in the newborn period (45), also de-
rives later in life by bacterial 7a-dehydroxylation of cheno-
deoxycholic acid in the intestines. In urine monohydroxy,
bile acids are found almost exclusively as ester sulfates (41).

The interrelationships of the two metabolic pathways in
neonatal life are illustrated by the CYP7a knockout mouse
(46). A transient neonatal cholestatic syndrome occurs be-
cause oxysterol 7a-hydroxylase activity is not normally ex-
pressed in neonatal mice. Absence of both oxysterol and
cholesterol 7a-hydroxylase activities yields only monohy-
droxy bile acids. That these events in the mouse do not
regularly occur in human neonates must be attributed to
the expression of CYP7B in fetal life since in humans, in
contrast to mice, the CYP7A gene is not expressed (47).

Bile acid synthesis in fetal and neonatal life

Relatively little data are available in humans to generate
a complete picture of bile acid production during fetal
and neonatal life. One needs to consider three sources:
placental transfer, initial 7o-hydroxylation, and initial
27-hydroxylation.

Although bile acids normally circulate in maternal
plasma mostly bound to albumin, exchange of the un-
bound species across the maternal/fetal capillary circula-
tion can occur and probably accounts for the small
amounts of deoxycholic acid found in sterile meconium at
birth (48). However, the high proportion of chenodeoxy-
cholic acid in fetal gallbladder bile in early pregnancy
does not mimic the composition of maternal bile, and
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therefore the accumulation of a fetal bile acid pool can-
not be attributed entirely to placental exchange.

The knowledge that amniotic fluid in early pregnancy
contains relatively large amounts of monohydroxy bile ac-
ids (39) indicates the existence of a metabolic pathway
that begins with C27 hydroxylation. Expression of the
CYP27 gene during fetal life can also be inferred from the
finding of monohydroxy bile acids in neonatal urine (41,
42). Oxysterol 7a-hydroxylase but not cholesterol 7a-
hydroxylase is also normally expressed in fetal liver (49).
Thus, one can conclude that the neonatal pool of bile ac-
ids is derived both via placental transfer and the choles-
terol 27-hydroxlation metabolic pathway. Further evi-
dence for this conclusion can also be derived from the
statement by Setchell and coworkers that they cannot de-
tect expression of CYP7a in normal neonates for at least
the initial few months of life (47). When in the course of
normal development the cholesterol 7a-hydroxylase path-
way begins to contribute to bile acid production and then
dominate total bile acid production is not known.

Since the cholesterol 27-hydroxylation metabolic path-
way will generate only monohydroxy bile acids unless 7a-
hydroxylation occurs, the status of expression of CYP7B
becomes critical to the proportion of monohydroxy bile
acids that are formed. Indeed, two instances of absent oxy-
sterol 7a-hydroxylase activity have been associated with
severe persistent cholestatic liver disease (47, 50). The se-
verity of the cholestasis depends not only on oxysterol 7a-
hydroxylase activity, but also on that of cholesterol 7a-
hydroxylase, since the production of chenodeoxycholic
and cholic acids via this latter pathway moderates the
cholestatic effect of monohydroxy bile acids (51).

Postnatal bile acid synthesis

Because of the high extraction efficiency of hepatocytes
for bile acids returning via the portal vein, the circulating
pool of bile acids is confined for the most part to the en-
terohepatic circulation and supports three major func-
tions. A) Bile acid dependent bile flow is essential for the
excretion of endogenous metabolites such as bilirubin
glucuronide and many xenobiotics, as well as to maintain
in solution the relatively high concentration of cholesterol
characteristic of human bile (52); B) Bile acids are essen-
tial for the absorption of adequate amounts of vitamin E
and other fat-soluble vitamins as well as for the hydrolysis
of fat and absorption of long-chain fatty acids; and C) Per-
haps less essential but nevertheless important is the role of
bile acids in regulating water reabsorption in the ascend-
ing colon (53).

Role of the cholesterol 7o-hydroxylase metabolic pathway

These biologic roles are maintained by an auto-regula-
tory process that focuses on the regulation of the activity
of cholesterol 7o-hydroxylase. Thus, interruption of the
enterohepatic circulation by ileal disease, bile fistula, or
bile acid sequestrant administration, all of which threaten
to reduce bile acid pool size, result in increased enzyme
activity to maintain homeostasis. Artifical expansion of
pool size by chenodeoxycholic acid administration is a po-
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tent mechanism for decreasing enzyme activity (54). This
knowledge coupled with the newer information concerning
FXR/short heterodimer protein (SHP) nuclear receptor
regulation (55) and its relationship to chenodeoxycholic
and deoxycholic acids (56) focuses on transcriptional reg-
ulation of the CYP7A gene as the dominant but not exclu-
sive mechanism.

Regulation of bile acid pool size and synthesis by this
mechanism is essentially independent of dietary choles-
terol and depends mostly on the upregulation of choles-
terol synthesis in the liver to satisfy the demand for in-
creased bile acid synthesis. However, pharmacologic
manipulation of the pathway can adapt it as a mechanism
for lowering LDL cholesterol (LDL-C). Thus, suppressing
HMG-CoA reductase activity in the liver by the administra-
tion of allosteric inhibitors makes it possible to enhance
receptor-mediated LDL-C delivery to the enzyme as a
source for bile acid production in lieu of de novo synthesis.

Roles of the cholesterol 27-hydroxylase metabolic pathway

Because adult ¢yp7A knockout mice appear phenotypi-
cally normal (46, 57), it could be argued that the choles-
terol 27-hydroxylase metabolic pathway can replace all the
essential functions, particularly the maintenance of bile
acid dependent bile flow. However, until a human coun-
terpart of the knockout cyp7A mouse is identified, one
should reserve judgment with respect to the importance
of this pathway in human physiology.

Because of species differences in bile acid synthesis
(16), knocking out the ¢yp27 gene in the mouse does not
result in the phenotypic expression of cerebrotendinous
xanthomas characteristic of the human inherited disease.

The markedly accelerated atherosclerosis in some pa-
tients with a mutant CYP27 gene can now be explained at
least in part by the loss of 27-hydroxycholesterol/LXR-
mediated cholesterol efflux from macrophages as part of
reverse cholesterol transport (58). The major question
that now requires resolution is how this inherited defect,
which affects all cells normally expressing the gene, re-
lates to acquired defects that could occur in selective tis-
sues such as macrophages.

Reverse cholesterol transport

ABC Al transporter activity. Since the recognition that the
molecular basis of Tangier disease is a mutant ABC Al trans-
porter (59), progress has been very rapid (60, 61). 27-
hydroxycholesterol generated in macrophages has been
identified as an important endogenous ligand for up-regulat-
ing cholesterol efflux via this ABC transporter pathway (58).

Metabolism of cholesterol to 27-hydroxycholesterol in macrophages.
The rate of conversion of cholesterol to 27-hydroxycholes-
terol followed by its further metabolism to other interme-
diates in the bile acid biosynthetic pathway represents a
mechanism for returning cholesterol to the liver that is in-
dependent of its role of 27-hydroxycholesterol as a ligand
for LXR-mediated cholesterol efflux via the ABC Al trans-
porter.

It is of particular interest, therefore, that the 27-hydroxy-
cholesterol concentration in atheroma obtained from the
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TABLE 1. Steroids unique to the cholesterol 27-hydroxylase

metabolic pathway

A. Sterol intermediates
1. 27-hydroxycholesterol
2. 27-hydroxycholesterol-3 sulfate
3. 27-hydroxycholesterol-27 sulfate
4. 27-hydroxycholesterol disulfate
5. 7a,27-dihydroxycholesterol *
B. Acidic intermediates**
1. 3B-hydroxy-5-cholestenoic acid
2. 3pB-hydroxy-5-cholestenoic acid-3 sulfate
3. 3B-hydroxy-5-cholenoic acid
4. 3B-hydroxy-5-cholenoic acid sulfate

* can be generated by initial 7o-hydroxylation followed immedi-

ately by side-chain oxidation. Potentially a common intermediate for
the cholesterol 7a-hydroxylase and cholesterol 27-hydroxylase meta-
bolic pathways.

** 7a-hydroxylated acidic species not shown. They can arise either
by initial 7a- or 27-hydroxylation.

carotid and coronary arteries and the aorta is much
greater than that in plasma (62). Since the major cellular
components of atheroma are macrophages that express
the CYP27gene (63), it is reasonable to think that they are
the source of this hydroxysterol and account for the much
greater ratio of 27-hydroxycholesterol/cholesterol in ath-
eroma than in plasma. The concentration gradient be-
tween atheroma and plasma indicates a block in reverse
cholesterol transport that is puzzling and may affect the
natural history of atheroma. Thus, the local concentration
of 27-hydroxycholesterol when expressed per weight of tis-
sue is greater than that needed to initiate apoptosis in cell
culture (64) and sufficient to inhibit smooth muscle cell
migration (65). On the other hand we do not know what
proportion of the 27-hydroxycholesterol may be esterified
with fatty acid and/or sulfated and what the local biologic
effects of these different naturally occurring derivatives
are. It could be argued that the local activity of oxysterol
7a-hydroxylase should be equivalent to that of cholesterol
27-hydroxylase. The more water-soluble triol would then
enter plasma. Currently, it is not possible to evaluate ei-
ther the potentially beneficial or the potentially deleteri-
ous effects of 27-hydroxycholesterol in atheroma. A major
challenge is to design critical studies in an experimental
model that might begin to give insights on the biologic
significance of 27-hydroxycholesterol and the other ste-
roid intermediates that form locally.

Other ligands regulating gene expression. Thus far only the bio-
logic role of 27-hydroxycholesterol as a ligand has been
studied in detail. One study indicates that 33-hydroxy-5-
cholenstenoic acid also may function as a ligand (66). Ta-
ble 1 indicates the number of intermediates exclusive of
fatty acid esters that can be generated by and are unique
to the cholesterol 27-hydroxylase metabolic pathway. With
the exception of 3B-hydroxy-b-cholestenoic acid, their
possible role as ligands for nuclear receptors have not
been evaluated. Bl
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