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Abstract Cerebrotendinous xanthomatosis (CTX) is a rare,
recessively inherited lipid storage disease characterized by a
markedly reduced production of chenodeoxycholic acid
and an increased formation of 25-hydroxylated bile alco-
hols and cholestanol. Patients with this disease are known to
have mutations in the sterol 27-hydroxylase (Cyp27) gene.
However, one study showed that mice with a disrupted
Cyp27 gene did not have any CTX-related clinical or bio-
chemical abnormalities. To explore the reason, hepatic cho-
lesterol, cholestanol, and 12 intermediates in bile acid bio-
synthetic pathways were quantified in 10 Cyp27~/~ and 7
Cyp27*/* mice, two CTX patients (untreated and treated
with chenodeoxycholic acid), and four human control sub-
jects by high resolution gas chromatography-mass spectrom-
etry. Mitochondrial 27-hydroxycholesterol and 5B-choles-
tane-3a,7a,120¢,27-tetrol were virtually absent in both
Cyp27~/~ mice and CTX patients. In Cyp27~/~ mice, mi-
crosomal concentrations of intermediates in the early bile
acid biosynthetic pathway (7a-hydroxycholesterol, 7o-
hydroxy-4-cholesten-3-one, 7a,12a-dihydroxy-4-cholesten-3-
one, and 5B-cholestane-3c,7a,120-triol), 25-hydroxylated bile
alcohols (5B-cholestane-3«,7c,12c,25-tetrol, 5B-cholestane-
3a,7a,120,23R,25-pentol, and 5B-cholestane-3a,7a,120¢,24R,
25-pentol), and cholestanol were all significantly elevated
compared with those in Cyp27*/* mice, although the levels
were lower than those in untreated CTX patients. The inter-
mediate levels in early bile acid biosynthesis were more ele-
vated in male (16-86% of CTX) than in female Cyp27~/~
mice (7-30% of CTX). In contrast, 25-hydroxylated bile alco-
hol concentrations were not significantly different between
male and female Cyp27~/~ mice and were considerably
lower (less than 14%) than those in CTX patients.Bll These
results suggest that 1) in Cyp27~/~ mice, especially in fe-
males, classic bile acid biosynthesis via 7o-hydroxycholesterol
is not stimulated as much as in CTX patients; and 2) formed
25-hydroxylated bile alcohols are more efficiently metabo-
lized in Cyp27_/ ~ mice than in CTX patients.—Honda, A,
G. Salen, Y. Matsuzaki, A. K. Batta, G. Xu, E. Leitersdorf, G. S.
Tint, S. K. Erickson, N. Tanaka, and S. Shefer. Differences
in hepatic levels of intermediates in bile acid biosynthesis
between Cyp27~/~ mice and CTX. J. Lipid Res. 2001. 42:
291-300.
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Bile acid biosynthesis from cholesterol is initiated
either by a series of ring modifications (classic pathway)
or by side-chain hydroxylation (alternative pathway) (1).
The first and rate-limiting step of the classic pathway is
catalyzed by microsomal cholesterol 7a-hydroxylase,
whereas the key enzyme of the alternative pathway is mito-
chondrial cholesterol (sterol) 27-hydroxylase. In the clas-
sic pathway, the ring modifications yield 5B-cholestane-
3a,7a-diol and bHB-cholestane-3a,7a,12a-triol. The side
chain of the diol is then hydroxylated by mitochondrial
5B-cholestane-3a,7a-diol  27-hydroxylase (2-4) and fi-
nally converted into chenodeoxycholic acid (CDCA). On
the other hand, the side chain of bHp-cholestane-3a,
7a,120-triol is hydroxylated by either mitochondrial 5p3-
cholestane-3a,7a,12a-triol 27-hydroxylase (3-5) or mi-
crosomal 5B-cholestane-3a,7a,12a-triol 25-hydroxylase (3,
6, 7), and formed tetrols are finally converted into cholic
acid (CA). Hydroxylations of the C-27 position of choles-
terol, 5B-cholestane-3a,7a-diol, and 5B-cholestane-3a,7«,
12a-triol are catalyzed by the same enzyme, sterol 27-
hydroxylase (Cyp27) (4). Therefore, when sterol 27-hydrox-
ylase is defective, the classic pathway via 25-hydroxylated
intermediates appears to be the major route for side-chain
cleavage and bile acid biosynthesis (Fig. 1).

Abbreviations: BHT, butylated hydroxytoluene; CA, cholic acid;
CDCA, chenodeoxycholic acid; CTX, cerebrotendinous xanthomato-
sis; DMES, dimethylethylsilyl; GC, gas chromatography; MS, mass spec-
trometry; SIM, selected-ion monitoring; TMS, trimethylsilyl.
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Fig. 1. Cholic and chenodeoxycholic acids biosyn-
thesis from cholesterol in CTX and Cyp27~/~ mice.
Reactions catalyzed by sterol 27-hydroxylase are indi-
cated by the interrupted lines. Solid arrows repre-
sent known enzymatic steps whereas broken arrows
represent putative reactions that have yet to be con-
firmed. Roman numerals correspond to those in
Tables 1-5.
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Cerebrotendinous xanthomatosis (CTX) is a rare, re-
cessively inherited disorder caused by a mutation in the
Cyp27 gene located on human chromosome 2 (8-10). Pa-
tients are characterized clinically by tendon and brain
xanthomas, juvenile cataracts, osteoporosis, premature
atherosclerosis, and nervous system dysfunction including
mental retardation, dementia, cerebellar ataxia, epilep-
tic seizures, and peripheral neuropathy (11). Biochemi-
cally, the pool size of CDCA is markedly reduced while
that of CA is almost normal (3), and large amounts of 25-
hydroxylated C-27 bile alcohols are excreted into bile and
urine (12, 13). Increased hepatic concentrations of 7a-
hydroxycholesterol, 7a-hydroxy-4-cholesten-3-one, 7,120~
dihydroxy-4-cholesten-3-one, 5B-cholestane-3a,7a-diol, and
5B-cholestane-3a,7a,12a-triol, intermediates in early bile
acid biosynthesis, were also reported in CTX liver (14).
Another major biochemical feature is increased plasma
and tissue concentrations of cholestanol, the ba-saturated
derivative of cholesterol, with particularly large deposits in
brain, xanthomas, and bile (15, 16).
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Mice with a disrupted Cyp27 gene (knockout model)
were reported by Rosen et al. (17). However, the Cyp27~/~
mice showed no CTX-related clinical phenotype, and
there was no accumulation of cholestanol in liver and cir-
culation. In bile and feces, only trace amounts of 25-
hydroxylated bile alcohols were detected, and CDCA and
muricholic acids as well as CA concentrations were re-
duced compared with Cyp27*/* mice. In mice, muri-
cholic acids are more abundant than CDCA but they are
thought to be metabolites of CDCA (18). The only finding
simulating CTX was increased plasma and tissue 7o-
hydroxycholesterol concentrations. Thus, virtually all the
pathological abnormalities observed in CTX were not
reproduced in Cyp27~/~ mice. The reasons are unclear,
but it was speculated that the mice could not compensate
for the lack of the mitochondrial sterol 27-hydroxylase
through the alternative microsomal 25-hydroxylation
pathway (17).

We have developed new assays for several enzyme reac-
tions in 25- and 27-hydroxylation side-chain cleavage path-
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ways for bile acid biosynthesis based on high resolution
gas chromatography-mass spectrometry (GC-MS) (19). By
using the new assay methods, the enzyme activities were
compared between mice and humans. In mice, enzyme
activities involved in both mitochondrial 27-hydroxylation
and microsomal 25-hydroxylation pathways were generally
two to four times higher than those in humans. Thus, our
results do not support the idea that the microsomal 25-
hydroxylation pathway in mice was not as active as that in
humans.

The present study was undertaken to explore the rea-
son why Cyp27~/~ mice do not reproduce the biochemi-
cal features of CTX. To clarify the similarities and differ-
ences between CTX subjects and Cyp27_/_ mice, we
measured hepatic cholesterol, cholestanol, and 12 inter-
mediates in the bile acid biosynthetic pathways by using
high resolution GC-MS. The results showed that the con-
centrations of many intermediates in Cyp27~/~ mice were
significantly increased compared with Cyp27+/* mice, but
were not as large as those in a CTX patient. In particular,
25-hydroxylated bile alcohol concentrations in Cyp27~/~
mice were considerably lower than found in an untreated
CTX patient.

MATERIALS AND METHODS

Chemicals

7a-Hydroxycholesterol was obtained from Steraloids (Wilton,
NH). 27-Hydroxycholesterol was synthesized from diosgenin
(20) and the pure compound was obtained by preparative thin-
layer chromatography. 7a,27-Dihydroxycholesterol was synthe-
sized from 27-hydroxycholesterol by the method of Shoda, Axel-
son, and Sjovall (21). 7a-Hydroxy-4-cholesten-3-one, 7a,12a-
dihydroxy-4-cholesten-3-one, and 5B-cholestane-3a,70,12,25,
27-pentol were gifts from T. Hoshita and K. Kihira (Pharmaceuti-
cal Institute, Hiroshima University, Hiroshima, Japan). 5f-
Cholestane-3a,7a,120-triol was prepared by electrolytic coupling
of cholic acid with isovaleric acid according to Bergstrom and
Krabisch (22). 5B-Cholestane-3a,7a,120,25-tetrol was synthe-
sized from CA by the method of Dayal et al. (23). 53-Cholestane-
3a,7a,120,27-tetrol was prepared by lithium aluminum hydride
reduction of the methyl ester of 3a,7a,120-trihydroxy-5@3-
cholestan-27-oic acid, which was isolated from the bile of Alliga-
tor mississippiensis. 5B-Cholestane-3a,7a,120,23 R 25-pentol was
isolated from bile and feces of patients with CTX (24). 5B-
Cholestane-3a,7a,120,24R 25-pentol and 5B-cholestane-3a,7c,
120,248,25-pentol were prepared from 5B-cholestane-3a, 70,120,
25-tetrol by the method of Hoshita (25). Sitosterol (24-ethyl-5-
cholesten-3B-ol) and cholestane-33,5a,6B-triol were purchased
from Sigma (St. Louis, MO) and purified by recrystallization.
[25,26,26,26,27,27,27-2H~]cholesterol was obtained from MSD
Isotopes (Montreal, Canada). [2H;]7a-hydroxycholesterol (26),
[®H;]27-hydroxycholesterol (21), [?H;]7a,27-dihydroxycholes-
terol (21), and [?H;]7a-hydroxy-4-cholesten-3-one (27) were
prepared by previously described methods. The purities of these
compounds were checked by gasliquid chromatography, and
each gave only a single peak.

Patients

Two CTX patients were studied. Patient 1 (CTX 1) was a 40-
year-old male with dementia, spinal cord paresis, and cerebellar

ataxia. Xanthomas were located in both Achilles tendons. Serum
cholestanol concentration was 4.8 mg/dl (normal level, 0.2 = 0.2
mg/dl). A liver biopsy was obtained for diagnostic histology and
the extra tissue was available for biochemical analyses. Patient 2
(CTX 2) was a 42-year-old woman with severe neurologic dys-
function (spinal cord paresis and cerebellar ataxia), bilateral cat-
aracts, and tendon and cerebral xanthomas. She had been
treated with CDCA for 3 years until she died of pneumonia. A
liver specimen was obtained at postmortem (performed within 1 h
of death). Control liver specimens were from four healthy adults
who died unexpectedly and whose livers became available be-
cause no suitable recipient for liver transplantation could be
found (University of Minnesota Hospital NIH contract 1-DK-
62274). All liver specimens were immediately frozen and stored
at —70°C until used. The research protocol was approved by the
Human Studies Committees at University of Medicine and Den-
tistry of New Jersey-New Jersey Medical School (Newark, NJ) and
VA Medical Center (East Orange, NJ).

Animals

Cyp27~/~ mice were produced by Rosen et al. (17) at the
Hadassah-Hebrew University (Jerusalem, Israel) animal facility
in a specific pathogen-free unit. Six male and four female
Cyp27~/~ mice, and three male and four female Cyp27*/* mice,
were fed a normal chow diet. The animals, 3 months of age, were
killed at noon and livers were obtained for hepatic sterol analy-
ses. The liver specimens were immediately frozen and stored at
—70°C until use. The animal protocol was approved by the Sub-
committee on Animal Studies at VA Medical Center (East Or-
ange, NJ) and by the Institutional Animal Care and Use Commit-
tee at University of Medicine and Dentistry of New Jersey-New
Jersey Medical School.

Preparation of liver microsomes and mitochondria

The liver specimen was weighed, minced, and homogenized
with a loose-fitting Teflon pestle in 4 volumes of 3 mM Tris-HCI
buffer (pH 7.4) containing 0.25 M sucrose and 0.1 mM ethylene-
diaminetetraacetic acid (EDTA). The homogenate was centri-
fuged at 700 g for 10 min, and the supernatant was centrifuged
at 7,000 g for 20 min. The 7,000 g pellet (mitochondrial frac-
tion) was washed twice with homogenizing medium, and sus-
pended in 100 mM potassium phosphate buffer (pH 7.4) con-
taining 1 mM EDTA, 5 mM dithiothreitol, 50 mM KCl, and 20%
glycerol (v/v) (storage buffer). The 7,000 g supernatant was
then centrifuged at 105,000 g for 90 min, and the pellet (mi-
crosomal fraction) was suspended in storage buffer. Protein con-
centrations of the mitochondrial and microsomal fractions were
determined by the Lowry method (28).

Determination of cholesterol and cholestanol
concentrations

[?H;]cholesterol (160 ng) was added to 20-100 wg of mi-
crosomal protein and saponification was carried outin 1 ml of 1 N
ethanolic KOH at 37°C for 1 h. After addition of 0.5 ml of dis-
tilled water, sterols were extracted twice with 2 ml of n-hexane,
and the extract was evaporated to dryness under nitrogen. Tri-
methylsilyl (TMS) ether derivatives were prepared by addition of
100 pl of TMSI-H (GL Sciences, Tokyo, Japan) and incubation at
55°C for 15 min. High resolution GC-MS with selected-ion moni-
toring (SIM) was performed with a JMS-SX102 instrument
equipped with a JMA DA-6000 data-processing system (JEOL, To-
kyo, Japan). The accelerating voltage was 10 kV, the ionization
energy was 70 eV, the trap current was 300 pA, and the mass
spectral resolution was about 10,000. An Ultra Performance cap-
illary column (25 m X 0.32 mm i.d.) coated with methylsilicone
(Hewlett-Packard, Palo Alto, CA) was used at a flow rate of he-
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lium carrier gas of 1.0 ml/min. The column oven was pro-
grammed to change from 100°C to 245°C at 30°C/min, after a
1-min delay from the start time. The multiple ion detector was
focused on m/z 458.3943 for cholesterol, m/z 465.4383 for
[2H,]cholesterol, and m/z 445.3865 for cholestanol. [2H;]cho-
lesterol was used as an internal recovery standard for both cho-
lesterol and cholestanol.

Determination of 7a-hydroxycholesterol concentration

[2H;]7a-hydroxycholesterol (8 ng) and 5 pg of butylated hy-
droxytoluene (BHT) were added to 20—-100 g of microsomal
protein and saponification was carried out in 1 ml of 1 N ethan-
olic KOH at 37°C for 1 h. After addition of 0.5 ml of distilled
water, sterols were extracted twice with 2 ml of n-hexane. Purifi-
cation by Bond Elut SI cartridge, derivatization into dimethyleth-
ylsilyl (DMES) ether, and high resolution GC-SIM analysis were
carried out according to our previously described methods (29).
The recovery of 7a-hydroxycholesterol from the Bond Elut SI
cartridge was 93.5 £ 2.4% (n = 4), and the detection limit was
0.02 pmol/mg protein.

Determination of 27-hydroxycholesterol concentration

[2H;]27-hydroxycholesterol (16 ng) and 5 wug of BHT were
added to 400 pg of mitochondrial protein and saponification
was carried out in 1 ml of 1 N ethanolic KOH at 37°C for 1 h.
After addition of 0.5 ml of distilled water and extraction twice
with 2 ml of n-hexane, 27-hydroxycholesterol was purified by
Bond Elut SI cartridge, derivatized into DMES ether, and quanti-
fied by high resolution GC-SIM (29). The recovery of 27-hydrox-
ycholesterol from the Bond Elut SI cartridge was 91.2 = 2.7%
(n = 4), and the detection limit was 0.2 pmol/mg protein.

Determination of 7a,27-dihydroxycholesterol
concentration

[2H;]7a,27-dihydroxycholesterol (2.6 ng) and 5 pg of BHT
were added to 100-400 g of microsomal protein and saponifi-
cation was carried out in 0.3 ml of 1 N ethanolic KOH at 37°C
for 1 h. After addition of 0.3 ml of distilled water, sterols were ex-
tracted with 3 ml of chloroform-methanol 2:1 (v/v) (30), and
the solvent was evaporated to dryness. The residue was dissolved
in 100 pl of n-hexane—isopropanol 9:1 (v/v), and the resulting
solution was applied to a Bond Elut SI (500-mg) cartridge
prewashed with 1 ml of n-hexane. After washing with 1 ml of n-
hexane followed by 4 ml of nhexane-isopropanol 97:3 (v/v),
7a,27-dihydroxycholesterol was eluted with 3 ml of n-hexane—
isopropanol 1:1 (v/v). DMES ether derivatization was carried
out by adding 100 .l of pyridine and 20 pl of DMES imidazole to
the residue and heating at 55°C for 15 min. High resolution GC-
SIM analysis was performed after the excess silylating reagent
was removed on a Sephadex LH-20 column. The oven tempera-
ture was programmed to change from 100 to 280°C at 30°C/min,
after a 1-min delay from the start time. The multiple ion detec-
tor was focused on m/z 572.4445 for 7a,27-dihydroxycholesterol,
and m/z 579.4884 for [?H;]7a,27-dihydroxycholesterol. The re-
covery of 7a,27-dihydroxycholesterol from the Bond Elut SI car-
tridge was 90.8 = 3.1% (n = 4), and the detection limit was 0.03
pmol/mg protein.

Determination of 7a-hydroxy-4-cholesten-3-one and
70,12a-dihydroxy-4-cholesten-3-one concentrations

[2H,]7a-hydroxy-4-cholesten-3-one (14 ng), 0.2 ml of distilled
water, and 0.2 ml of ethanol were added to 50-400 wg of mi-
crosomal protein. Sterols were extracted twice with 2 ml of pe-
troleum ether (31), and the solvent was evaporated to dryness.
The following purification and quantification steps were based
on our previously described methods (32) with some modifi-
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cations. The residue was dissolved in 100 wl of n-hexane—diethyl
ether 3:1 (v/v), and the resulting solution was applied to a Bond
Elut SI cartridge prewashed with 1 ml of the solvent mixture de-
scribed above. After washing with 8 ml of the same mixture, 7 a-
hydroxy-4-cholesten-3-one and 7a,12a-dihydroxy-4-cholesten-3-
one were eluted with 3 ml of n-hexane—isopropanol 1:1 (v/v).
Methyloxime DMES ether derivatization was carried out by add-
ing 100 pl of 1% O-methylhydroxylamine hydrochloride in pyri-
dine (w/v) and heating at 60°C for 1 h followed by addition of
50 ul of DMES imidazole and heating at 60°C for 15 min. High
resolution GC-SIM analysis was performed after the excess sily-
lating reagent was removed on a Sephadex LH-20 column. The
oven temperature was programmed to change from 100°C to
270°C at 30°C/min, after a 1-min delay from the start time. The
multiple ion detector was focused on m/z 380.3317 for 7a-
hydroxy-4-cholesten-3-one, m/z 387.3757 for [?H;]7a-hydroxy-4-
cholesten-3-one, and m/z 378.3160 for 7a,12a-dihydroxy-4-cho-
lesten-3-one. [?H;]7a-hydroxy-4-cholesten-3-one was used as an
internal recovery standard for both 7o-hydroxy-4-cholesten-3-
one and 7a,12a-dihydroxy-4-cholesten-3-one. The recoveries of
7a-hydroxy-4-cholesten-3-one and 7a,12a-dihydroxy-4-cholesten-
3-one from the Bond Elut SI cartridge were 93.0 = 3.9% (n = 4)
and 90.2 * 2.3% (n = 4), respectively, and the detection limits
were 0.1 and 0.5 pmol/mg protein, respectively.

Determination of 5B-cholestane-3a,7,12a-triol,
5B-cholestane-3,7a,12c,25-tetrol, 5B-cholestane-
3a,70,12a1,27-tetrol, and pentahydroxy bile
alcohol concentrations

After addition of cholestane-3(3,5c,6B-triol (200 ng) as an in-
ternal recovery standard and 0.5 ml of distilled water to 50-400
wg of microsomal or mitochondrial protein, sterols were ex-
tracted twice with 2 ml of ethyl acetate and the solvent was evap-
orated to dryness. The residue was dissolved in 100 pl of
chloroform-acetone 35:25 (v/v), and applied to a Bond Elut SI
(500-mg) cartridge that was prewashed with 3 ml of the same sol-
vent. After washing out cholesterol with 5 ml of the same solvent,
5B-cholestane-triol, tetrols, and pentols were eluted with 3 ml of
chloroform—-acetone—methanol 35:25:20 (v/v/v). TMS ether
derivatization and quantification by high resolution GC-SIM was
performed as described previously (19). The multiple ion detec-
tor was focused on m/z 456.3787 for cholestane-3,5a,6B-triol,
m/z 253.1956 for 5B-cholestane-3a,7a,12a-triol, 5B-cholestane-
3a,7a,12a,25-tetrol, and 5B-cholestane-3a,7a,12a,27-tetrol, m/z
307.2425 for 5B-cholestane-3a, 70, 120,23 R,25-pentol, m/z 321.2582
for 5B-cholestane-3a,7a,,12at, 24 R,25-pentol and 5B-cholestane-3a,
7a,120,,248,25-pentol, and m/z 349.2895 for 5B-cholestane-3a,7ct,
120.,25,27-pentol. The detection limits of 5B-cholestane-3a,7c, 120
triol, 5B-cholestane-3a,7a,12a,25-tetrol, 5B-cholestane-3a,7a,12a,
27-tetrol, 5B-cholestane-3a,7a,120,23 R, 25-pentol, 5B-cholestane-
3a,70,120,24 R 25-pentol, 5B-cholestane-3a,7a,120,248,25-pentol,
and 5B-cholestane-3a,7a,12,25,27-pentol were 0.05, 0.05, 0.05,
0.1, 0.5, 0.5, and 0.2 pmol/mg protein, respectively.

Statistics

Data are reported here as means * SEM. The significance of
differences between the results in the different groups was evalu-
ated by the Student’s two-tailed #test and significance was ac-
cepted at the level of P < 0.05.

RESULTS

Table 1 shows hepatic microsomal cholesterol and
cholestanol concentrations. Cholesterol concentration in
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TABLE 1. Hepatic microsomal concentrations of cholesterol and cholestanol in
CTX patients and Cyp27~/~ mice

I: Cholesterol

II: Cholestanol

Human
CTX 1 (untreated)
CTX 2 (treated)
Control (n = 4)

Mouse
Male Cyp27~/~ (n = 6)
Male Cyp27+/* (n = 3)
Female Cyp27~/~ (n = 4)
Female Cyp27*/* (n = 4)

49 * 1 (37-45)
45 + 4 (40-52)
44 + 4 (36-54)
45 * 2 (39-49)

nmol/mg protein

84 2.4
68 1.0
61 * 4 (48-67)a

0.16 = 0.01 (0.14-0.19)

0.38 + 0.02 (0.34-0.43)°
0.28 = 0.03 (0.23-0.34)
0.32 = 0.03 (0.26-0.40)°
0.14 = 0.01 (0.11-0.16)

Roman numerals correspond to those in Fig. 1. Means = SEM and (range of results) are given.
“Ninety-five percent confidence intervals for control means of cholesterol and cholestanol concentrations are

47 to 74 and 0.13 to 0.19 nmol/mg protein, respectively.

b P < 0.05 versus Cyp27™/* mice.
¢ P < 0.005 versus Cyp27*/* mice.

untreated CTX patient 1 was 138% of the control mean,
which was above the 95% confidence limit, whereas the
concentration in CTX patient 2, treated with CDCA, was
not significantly different from control subjects. Choles-
terol levels in Cyp27~/~ mice were not significantly differ-
ent from those in Cyp27*/* mice. Cholestanol concentra-
tions in untreated and treated CTX patients were
increased 15-fold and 6.3-fold, respectively, compared with
human control subjects. In Cyp27’/ ~ mice, cholestanol
concentrations were also significantly elevated 1.4-fold
(male) and 2.3fold (female) compared with Cyp27*/+
mice.

Hepatic microsomal concentrations of three interme-
diates in early steps of the classic bile acid biosynthetic
pathway are shown in Table 2. Concentrations of 7o-hydroxy-
cholesterol, 7a-hydroxy-4-cholesten-3-one, and 7o,120-
dihydroxy-4-cholesten-3-one in untreated CTX patient 1
were elevated 8.7-fold, 318-fold, and 449-fold, respectively,
compared with human control subjects. CDCA-treated pa-

tient 2 had much lower concentrations of the sterols than
did untreated patient 1. These sterol concentrations were
increased 14-fold, 101-fold, and more than 282-fold, re-
spectively, in male Cyp27~/~ mice, and were elevated 3.1-
fold, 20-fold, and more than 126-fold, respectively, in
female Cyp27~/~ mice compared with Cyp27*/* mice.
Absolute concentrations of 7a-hydroxycholesterol and 7a-
hydroxy-4-cholesten-3-one in male Cyp27~/~ mice were
close to the levels in the untreated CTX patient. However,
the others were much lower than those in the untreated
CTX patient.

Figure 2 shows representative chromatograms of TMS
ether derivatives of 5B-cholestane-3a,7a,12a-triol and 5B-
cholestane-3a,7a,12a,25-tetrol obtained by analyses of he-
patic microsomal fractions from untreated CTX patient 1,
a human control subject, and Cyp27~/~ and Cyp27*/*
mice. We used cholestane-33,5a,6B-triol as an internal re-
covery standard for these sterols. The recoveries of choles-
tane-3B,5a,6B-triol and 5B-cholestane-3a,7a,12a-triol and

TABLE 2. Hepatic microsomal concentrations of 7a-hydroxycholesterol, 7a-hydroxy-4-cholesten-3-one, and
7a,12a-dihydroxy-4-cholesten-3-one in CTX patients and Cyp27~/~ mice

III: 7a-Hydroxycholesterol

IV: 7a-Hydroxy-
4-cholesten-3-one

V: 7a,12a-Dihydroxy-
4-cholesten-3-one

Human
CTX 1 (untreated) 331
CTX 2 (treated) 139

Control (n = 4) 38 = 8 (22-61)¢

Mouse
Male Cyp27~/~ (n = 6)
Male Cyp27%/* (n = 3)
Female Cyp27~/~ (n = 4)
Female Cyp27*/* (n = 4)

20 =5 (11-28)

74 = 4 (68-84)"
24 = 3 (16-29)

985 = 35 (174-430)"

pmol/mg protein
191 898
2.9 11

0.6 = 0.1 (0.4-0.9)° 2.0 * 0.3 (1.8-2.6)¢
151 * 12 (115-204)° 141 + 8 (120-165)?
1.5+ 0.5 (0.8-2.4) <0.5¢

57 + 4 (48-66)° 63 * 9 (40-81)"
2.8 = 0.3 (2.0-3.1) <0.5¢

Roman numerals correspond to those in Fig. 1. Means = SEM and (range of results) are given.
“Ninety-five percent confidence intervals for control means of 7a-hydroxycholesterol, 7a-hydroxy-4-choles-
ten-3-one, and 7a,12a-dihydroxy-4-cholesten-3-one concentrations are 12 to 64, 0.2 to 1.0, and 0.0 to 5.5 pmol/mg

protein, respectively.
b P < 0.005 versus Cyp27*/* mice.
¢ Limit of detection.
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Fig. 2. Representative high resolution GC-SIM chromatograms of hepatic microsomal 5 f-cholestane-3a,7a,120-triol and 5B-cholestane-
3a,7a,120,25-tetrol in CTX patients, human control subjects, and Cyp27~/~ and Cyp27*/* mice. Approximately 100 ng of microsomal pro-
tin from a CTX patient, human control subject, a male Cyp27~/~ mouse, and a male Cyp27*/* mouse were used in the analyses. IS, internal

standard.

the elimination of cholesterol from the Bond Elut SI car-
tridge were checked by adding 200 ng each of the triols
and cholesterol to the column. The sterol amounts were
quantified by GC-SIM, using sitosterol as an internal stan-
dard. The recoveries of cholestane-33,5a,6B-triol and 53-
cholestane-3a,7a,12a-triol were 98.5 = 3.9% (n = 4) and
97.8 * 3.5% (n = 4), respectively, while more than 99.8%
of cholesterol (n = 4) was eliminated by the purification
procedure. Microsomal and mitochondrial fractions con-
tained small amounts of endogenous cholestane-
3B,5a,6B-triol, and the amounts were less than 2% of the
added internal standards.

Table 3 summarizes the microsomal concentrations of
5B-cholestane-3a,7a,12a-triol and 5B-cholestane-3a,7a,
12a,25-tetrol. The triol and tetrol levels in untreated CTX

patient 1 were elevated 78-fold and 114-fold, respectively,
compared with control subjects. CDCA-treated patient 2
showed much lower concentrations of the sterols, and the
levels were 4.3% (triol) and 18% (tetrol) of those in the
untreated patient. In Cyp27~/~ mice, 5B-cholestane-
3a,7a,12a-triol concentrations were elevated 74-fold (male)
and 6.1-fold (female), and 5B-cholestane-3a,7a,12,25-
tetrol levels were increased 16-fold (male) and 12-fold (fe-
male) compared with those in Cyp27*/* mice. However,
absolute concentrations of bB-cholestane-3a,7a,12a,25-
tetrol in both male and female Cyp27~/~ mice were lower
than that in CDCA-treated patient 2 and were less than
10% of that in untreated CTX patient 1.

Microsomal concentrations of pentahydroxy bile alco-
hols are shown in Table 4. 5B-Cholestane-3a,7a,12a,23 R,

TABLE 3. Hepatic microsomal concentrations of 5-cholestane-3a,7a,12a-triol, 5p-cholestane-3a,7a,1201,25-
tetrol, and 5B-cholestane-3a, 7a,, 120,26 (27)-tetrol in CTX patients and Cyp27~/~ mice

VI: 5B-Cholestane-3a,7a,12a-triol

VII: 53-Cholestane-3a,7a,12a,25-tetrol

Human
CTX 1 (untreated)
CTX 2 (treated)
Control (n = 4)

Mouse
Male Cyp27~/~ (n = 6)
Male Cyp27*/* (n = 3)
Female Cyp27~/~ (n = 4)
Female Cyp27*/* (n = 4)

pmol/mg protein

391
17
5.0 = 0.4 (4.1-5.9)

176 + 87 (104-222)"
9.4 * 0.8 (1.4-4.0)
35 * 4 (23-43)°

5.7 1.4 (2.0-8.0)

263
48
9.3 * 0.6 (1.4-4.0)°

14 + 2 (12-18)°
0.9 = 0.1 (0.6-1.0)
24 + 9 (20-28)°
2.0 + 0.3 (1.3-2.8)

Roman numerals correspond to those in Fig. 1. Means = SEM and (range of results) are given.
“Ninety-five percent confidence intervals for control means of 5B-cholestane-3a,7a,12a-triol and 5B-choles-
tane-3a,70,120,25-tetrol concentrations are 3.7 to 6.3 and 0.4 to 4.2 pmol/mg protein, respectively.

b P < 0.01 versus Cyp27*/* mice.
¢ P<0.001 versus Cyp27*/* mice.
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TABLE 4. Hepatic microsomal concentrations of 5B-cholestane-3a,7a, 120,23 R,25-pentol, 5B-cholestane-3a,7a,120,24 R, 25-pentol, 5B-cholestane-
3a,7a,120,245,25-pentol, and 5B-cholestane-3a,7a,120,25,27-pentol in CTX patients and Cyp27~/~ mice

VIII: 53-Cholestane-
3a,7a,120,,23 R, 25-pentol

IX: 5B3-Cholestane-
3a,7a,120,,24 R, 25-pentol

X: 5B-Cholestane-
3o, 7a,120,248,25-pentol

XI: 5B-Cholestane-
3o, 7a,120,25,27-pentol

pmol/mg protein
Human
CTX 1 (untreated) 514 144 91 6.1
CTX 2 (treated) 44 8.2 2.0 3.2
Control (n = 4) 1.7 = 0.6 (0.7-3.4)¢ 3.2*0.9 (1.0-5.1)¢ 2.2+ 0.4 (1.2-3.2)¢ 1.3 = 0.3 (0.7-2.0)¢
Mouse
Male Cyp27~/~ (n = 6) 71 £ 10 (57-89)° 14 =1 (12-17)* <0.5¢ <0.5¢
Male Cyp27*/* (n = 3) <0.1¢ <0.5¢ <0.5¢ <0.5¢
Female Cyp27~/~ (n = 4) 66 * 6 (49-76)" 8.9 £ 2.1 (4.2-13.3)¢ <0.5¢ <0.5¢
Female Cyp27*/* (n = 4) <0.14 <0.5¢ <0.5¢ <0.5¢

Roman numerals correspond to those in Fig. 1. Means = SEM and (range of results) are given.
“Ninety-five percent confidence intervals for control means of 5B-cholestane-3a,7a,120,23 R, 25-pentol, 5B-cholestane-3a,7a,120,24R,25-
pentol, 5B-cholestane-3a,7a,12,,248,25-pentol, and 5B-cholestane-3a,7a,12a,25,27-pentol concentrations are 0.0 to 3.6, 0.3 to 6.1, 0.9 to 3.5, and

0.3 to 2.3 pmol/mg protein, respectively.
b P<0.0005 versus Cyp27*/* mice.
¢ P < 0.01 versus Cyp27*/+ mice.

4 Limit of detection.

25-pentol, 5B-cholestane-3a,7a,12a, 24R,25-pentol, 5p3-
cholestane-3a,70,120,,245,25-pentol, and 5B-cholestane-3a,
7a,120,,25,27-pentol levels in untreated CTX patient 1
were elevated 302-fold, 45-fold, 41-fold, and 4.7-fold, re-
spectively, compared with control subjects. In CDCA-
treated CTX patient 2, these pentahydroxy bile alcohol
levels were 8.6%, 5.7%, 2.2%, and 52% of those in the un-
treated patient, respectively. In male and female Cyp27~/~
mice, 5B-cholestane-3a,7a,120,23R,25-pentol and 5p-
cholestane-3a,7a,12a, 24R,25-pentol concentrations were
significantly increased compared with Cyp27*/* mice, but
the levels were similar to those in the CDCA-treated
patient.

Table 5 shows hepatic mitochondrial concentrations of
27-hydroxycholesterol and 5@-cholestane-3a,7a,120,27-
tetrol, and microsomal levels of 7a,27-dihydroxycholes-
terol. Mitochondrial 27-hydroxycholesterol and 5B-choles-
tane-3a,7a,12a,27-tetrol were virtually absent in treated
and untreated CTX patients and Cyp27~/~ mice, while

significant amounts of these sterols were detected in hu-
man control subjects and Cyp27*/* mice. 7a,27-Dihy-
droxycholesterol was not detected in Cyp27~/~ mice,
while a significant amount of the sterol was detected in
Cyp27*/* mice. Surprisingly, 7a,27-dihydroxycholesterol
concentrations were increased 15-fold and 3.9-fold in un-
treated and CDCA-treated CTX patients, respectively.

DISCUSSION

Hepatic concentrations of intermediates in early bile
acid biosynthesis in a CTX patient were previously re-
ported by Oftebro and Bjorkhem et al. (14, 33). Our data
are consistent with their observations that mitochondrial
5B-cholestane-3a,7a,12a,27-tetrol was virtually absent and
that microsomal 7a-hydroxycholesterol, 7a-hydroxy-4-
cholesten-3-one, 7a,120-dihydroxy-4-cholesten-3-one, and
5B-cholestane-3a,7a,12a-triol concentrations were all ele-

TABLE 5. Hepatic mitochondrial 27-hydroxycholesterol and 5B-cholestane-3a,7a.,120,27-tetrol, and microsomal
7a.,27-dihydroxycholesterol concentrations in CTX patients and Cyp27~/~ mice

XII: 27-Hydroxycholesterol

XIII: 7a,27-Dihydroxycholesterol

XIV: 53-Cholestane-3a,7a,12a,27-tetrol

Human
CTX1 (untreated) <0.2¢
CTX2 (treated) <0.2¢4
Control (n = 4) 7.5+ 0.8 (5.4-9.1)°
Mouse
Male Cyp27~/~ (n = 6) <0.2%¢
Male Cyp27*/* (n = 3) 8.6 = 3.2 (2.9-13.8)
Female Cyp27~/~ (n = 4) <0.2¢d

Female Cyp27*/* (n = 4) 9.1 +1.1(7.3-12.2)

pmol/mg protein
2.16 <0.05¢
0.54 <0.05¢

0.14 = 0.03 (0.07-0.21)* 0.15 = 0.03 (0.10-0.24)*

<0.03%¢ <0.05%¢
0.17 = 0.09 (0.05-0.33) 0.18 = 0.02 (0.14-0.20)
<0.03%¢ <0.05%°

0.13 = 0.03 (0.07-0.18) 0.50 £ 0.13 (0.18-0.75)

Roman numerals correspond to those in Fig. 1. Means = SEM and (range of results) are given.

¢ Limit of detection.

’Ninety-five percent confidence intervals for control means of 27-hydroxycholesterol, 7a,27-dihydroxycholesterol, and 5B-cholestane-
3a,7a,12a,27-tetrol concentrations are 5.0 to 10.0, 0.04 to 0.24, and 0.05 to 0.25 pmol/mg protein, respectively.

¢ P < 0.05 versus Cyp27*/* mice.
4P < 0.0005 versus Cyp27*/* mice.
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vated in CTX patients. We also showed that mitochondrial
27-hydroxycholesterol was absent in CTX, which supports
the contention that a single 27-hydroxylase enzyme
(Cyp27) catalyzes C-27 hydroxylation of both cholesterol
and 5B-cholestane-3a,7a,12a-triol. To the best of our
knowledge, there is no report about hepatic concentra-
tions of 25-hydroxylated bile alcohols in CTX patients. Al-
though most of the bile alcohols are excreted in bile and
urine as bile alcohol glucuronides (12, 13), we measured
only free forms of bile alcohols in the microsomal fraction
because unconjugated bile alcohols appear to reflect syn-
thesis more directly. Actually, microsomal free bile alcohol
concentrations were markedly increased in the untreated
CTX patient.

It has been well established that treatment with CDCA
markedly reduces plasma, urinary, and biliary bile alcohol
concentrations and plasma cholestanol levels in CTX pa-
tients (13, 34). Reports showed that CDCA was a physio-
logical ligand for the farnesoid X receptor, an orphan nu-
clear receptor (35-37). When CDCA is bound to the
receptor, transcription of cholesterol 7a-hydroxylase gene
is repressed. Because CDCA production is markedly re-
duced in CTX, cholesterol 7a-hydroxylase activity is dere-
pressed (38). Our results showed that CDCA treatment re-
duced not only hepatic bile alcohol and cholestanol levels
but also other intermediates in early steps of bile acid bio-
synthesis in a CTX patient. The findings support the con-
tention that the major therapeutic effect of CDCA on
CTX patients is due to the inhibition of cholesterol 7o-
hydroxylase activity.

In female Cyp27’/’ mice, absolute microsomal concen-
trations of intermediates in early bile acid biosynthesis, 25-
hydroxylated bile alcohols and cholestanol, were much
lower than in the untreated CTX patient. In male
Cyp27~/~ mice, 25-hydroxylated bile alcohols and
cholestanol concentrations were similar to those in female
Cyp27_/ ~ mice, but intermediate levels in early bile acid
biosynthesis were between those of female Cyp27~/~ mice
and the untreated CTX patient. The reason for less accu-
mulation of the sterols in Cyp27~/~ mice is not clear, but
there may be two explanations. First, cholesterol 7a-
hydroxylase activity in Cyp27~/~ mice, especially in fe-
males, might not be upregulated as much as in CTX.
Compared with the untreated CTX patient, microsomal
concentrations of all intermediates were markedly reduced
in the CDCA-treated CTX patient, who had reduced activ-
ity of cholesterol 7a-hydroxylase. Although reduced total
bile acid synthesis in Cyp27~/~ mice has not been proved
directly, decreased fecal and biliary bile acid concentra-
tions suggest that the production of bile acids was also low
in Cyp27~/~ mice (17). Thus, upregulation of cholesterol
7a-hydroxylase activity in Cyp27~/~ mice might not be
sufficient to compensate for blocked alternative bile acid
synthesis via sterol 27-hydroxylase.

Second, 25-hydroxylated bile alcohols seem to be more
efficiently metabolized in Cyp27~/~ mice than in CTX pa-
tients. In female as well as male Cyp27’/ ~ mice, microso-
mal 25-hydroxylated bile alcohol concentrations were
markedly reduced compared with those in the untreated
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CTX patient. One might expect that the 25-hydroxylation
side-chain cleavage pathway in mice was not as active as
that in humans. However, our previous results showed
that 5B-cholestane-3a,7a,12a-triol 25-hydroxylase and 5-
cholestane-3a,7a,12a,25-tetrol  24Shydroxylase activities
in normal mice were 4.2-fold and 2.3-fold higher than
those in human control subjects, respectively (19). Thus,
the 25-hydroxylation side-chain cleavage pathway appears
to be basically more active in mice than in humans. In ad-
dition, there are reports that 5B-cholestane-3a,70,120-
triol 25-hydroxylase activities were not upregulated in
CTX patients compared with control subjects (3), and
that 5B-cholestane-3a,7a,12a,25-tetrol 24Shydroxylase ac-
tivity in CTX was lower than in control subjects (39). Mi-
crosomal 26-hydroxylation of 5B-cholestane-3a,70,120-
triol may also be active in Cyp27~/~ mice. The reaction
has been documented in rat liver, but has yet to be dem-
onstrated in humans and mice. If the microsomal 26-
hydroxylation pathway is upregulated in Cyp27~/~ mice but
not in CTX, it may also explain the lower concentrations
of 25-hydroxylated bile alcohols in Cyp27~/~ mouse liver.

Comparison of microsomal concentrations of 7a,27-
dihydroxycholesterol between Cyp27~/~ mice and CTX are
intriguing (Table 5). This sterol, as well as 27-hydroxycho-
lesterol, was not detected in Cyp27~/~ mice, which is con-
sistent with the lack of sterol 27-hydroxylase. In contrast,
7a,27-dihydroxycholesterol levels were considerably in-
creased in the untreated CTX patient and mildly elevated
in the CDCA-treated CTX patient, although 27-hydroxy-
cholesterol concentrations were absent in these patients.
The paradoxical elevation of 7a,27-dihydroxycholesterol
in CTX patients may be explained by stimulated 27-
hydroxylation of 7a-hydroxycholesterol due to increased
7a-hydroxycholesterol concentration. In addition to cho-
lesterol and 5B-cholestane-3a,7a,120-triol, 7o-hydroxy-
cholesterol, 7a-hydroxy-4-cholesten-3-one, 7a,120-dihydroxy-
4-cholesten-3-one, and 5B-cholestane-3a,7a-diol are all
good substrates for mitochondrial sterol 27-hydroxylase
(40). In CTX patients, sterol 27-hydroxylase activities are
markedly reduced (5—50% of normal) but not completely
absent (3), whereas the enzyme must be completely
devoid in Cyp27~/~ mice. Formed 7a,27-dihydroxy-
cholesterol is normally converted into 7a,27-dihydroxy-4-
cholesten-3-one by microsomal 3B-hydroxy-A>-Cyr-steroid
dehydrogenase/isomerase. A patient with 33-hydroxy-A®-
Cyr-steroid dehydrogenase/isomerase deficiency showed
markedly increased serum 7a-hydroxycholesterol concen-
tration and excretion of 3B,7a-dihydroxy- and 38,7a,
12a-trihydroxy-5-cholenoic acids in urine (41). This result
suggests that conversion of 7a-hydroxycholesterol to 7a-
hydroxy-4-cholesten-3-one and that of 7a,27-dihydroxy
cholesterol to 7a,27-dihydroxy-4-cholesten-3-one are both
defective in the patient, and both reactions are catalyzed
by a single enzyme. In CTX, the reaction from 7a,27-
dihydroxycholesterol to 7a,27-dihydroxy-4-cholesten-3-
one might be partially blocked because 3B-hydroxy-A®-Co;-
steroid dehydrogenase/isomerase is already oversaturated
with another substrate, 7o-hydroxycholesterol.

In summary, hepatic concentrations of cholestanol, all
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the intermediates in early steps of classic bile acid biosyn-
thesis, and 25-hydroxylated bile alcohols were significantly
increased in Cyp27~/~ mice compared with Cyp27+/*
mice, but the levels were lower than those in an untreated
CTX patient. Our results suggest that in Cyp27’/ ~ mice,
cholesterol 7a-hydroxylase activity was not upregulated as
much as in CTX patients. In addition, the alternative 25-
hydroxylation side-chain cleavage pathway might be much
more active in Cyp27~/~ mice than in CTX patients. Al
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